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Abstract
Abstract
In this thesis the main aspects of three photon positron annihilation processes 
and their potential use in medical imaging have been investigated as a positron 
emission tomography technique. The main objectives are focused on: three-photon 
positron annihilation measurement and imaging, analytical modelling and Monte 
Carlo simulation and the evaluation of the detection system requirements.
A novel method as proof-of-phnciple of the three photon positron annihilation 
imaging concept based on a triple coincidence imaging technique using high energy 
resolution semiconductor detectors has been introduced. It has been shown that a 
simple system of three high-energy resolution detectors is able to produce images of 
three photon positron annihilations events. The full energy photopeak detected of the 
true 3y events can be easily identified in the spectrum. Although the sensitivity is 
small due to a very small solid angle (-0.05 str) subtended by the detectors and rather 
poor detection efficiency, it is a first step towards a scanner capable of a new imaging 
modality. This method has been investigated using Monte Carlo simulation results 
and experimental data acquired.
Further a new three-photon yield measurement method based on three-photon 
positron annihilation imaging technique with correction for scattered and random 
events is proposed. The feasibility of this approach has been verified using 
experiments and compared to existing methods. Results show that this method is more 
accurate with better scatter correction due to electronic collimation than others but it 
has also some limitations.
In order to obtain quantitative information from the detection system it is 
necessary to establish mathematical or analytical models, which describe the system. 
This was achieved for the triple coincidence condition. The count rate of single and 
triple detected events was investigated. Results have shown differences due to scatter 
and random events estimation.
The effect of semiconductor detectors properties on three-photon image 
quality and scanner design was also investigated. It was in addition shown that 
computer simulations can be effectively used to predict the image quality and 
background noise for a particular scanner design. Important characteristics which 
affect scanner performance were evaluated. The effect of detector and scanner size on 
spatial resolution of three photon images was discussed. It was found that by reducing
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scanner size spatial resolution was improved for three-photon positron annihilation 
imaging as for conventional two photon-positron annihilation. Variation of scanner 
size (scanner diameter) affects the point spread function of the three photon positron 
annihilation image profile and introduces a combination of errors due to photon 
energy and detection position.
To introduce the three-photon technique in a dedicated PET system, high- 
energy resolution detectors are needed to improve the quality of the image and reduce 
the noise due to scattered events arising from Compton scattering which do not 
correspond to 3y events. Semiconductor detectors, particularly CZT which have good 
energy resolution, significantly better stopping power and can be used at room 
temperature are proposed as the detectors of choice for the new detection system. 
Therefore, images of two photon-positron annihilation can be mapped with those of 3- 
photon events and new valuable information can be extracted. This information will 
be valuable to treatments involving external beam radiotherapy and may also be of 
use in brachytherapy.
©E. Abuelhia
Abstract
Dedication
To my family: Father and mother^
To my: Brothers and sisters 
To my: Wife Mayssa, daughter Tul and son Mustafa.
©E. Abuelhia__________________________________Üj_
Abstract
Acknowledgements
Today scientists have to work in a group, share ideas and support each other to 
develop new techniques. No one is more deserving of the recognition for the vision 
and conviction in three photon positron annihilation than Professor Nicholas Spyrou, 
who it has been my very great fortune to have as a supervisor of the work in this 
thesis. His enthusiasm and encouragement are constant. He maintained close contact 
(worldng days and weekends) with this work throughout the entire period. I have 
appreciated the input from him he managed to keep tabs on me and his advice and 
guidance have been crucial in the realization of this thesis.
Professor Mubark Almagzoub, as the prime minister of Higher Education and 
Research in Sudan, has supported me from my early days in nuclear medicine. It was 
he who made the possible existence of nuclear medicine in the Institute of Nuclear 
Medicine, Molecular Biology and Oncology University of Gezira, Sudan. I do 
appreciate his support and help to obtain the scholarship from the International 
Atomic Energy Agency (IAEA). I do also thank the IAEA for the continuous support 
and help.
Dr. Krzysztof Kacpersld, as the postdoctoral fellow in this research project, 
has supported me very much from the beginning with opinions that I share with him. 
His vision also brought the three photon positron annihilation to reality. He continued 
to support me in this work, I am deeply grateful to him for this.
It is crucial to have colleagues who are prepared to listen and who you can 
bounce ideas off and for filling this role I am particularly grateful to Andy, 
Abdulrahman, Ali, Najat and Carol with whom I have worked closely. There are 
numerous other individuals who have collaborated directly with me, offered advice, 
or with whom I have discussed the ideas in this work including Maria, Abdulaziz and 
the two Mohammed’s.
Finally, and last but not least, I have to dedicate this work to my family: 
Father and Mother, wife Mayssa, daughter Tul and son Mustafa no doubt I owe every 
thing to them.
©E. Abuelhia   iv
Contents
Chapter 1
Table of Contents
Introduction
1.1 Thesis overview and aim of the work.
Chapter 2 Positron Emission Tomography
2.1 Introduction 9
2.2 Positron and Positronium Formation 10
2.2.1 Positron emission and annihilation 10
2.2.1.1 Positron decay 13
2.2.1.2 Positron range and non-colinearity 15
2.2.2 The positronium 20
2.2.2.1 Interaction with matter 21
2.2.2.2 Positronium quenching 21
2.2.2.3 Pick-off quenching 22
2.3 PET radionuclides 23
2.3.1 Production of positron emitters 23
2.3.2 Positron emitter and radiotracer properties 24
2.4 The Physical Basis of PET 24
2.4.1 Basic principles of PET 24
2.4.2 Coincidence detection 25
2.4.3 Types of coincidence events 26
2.4.3.1 Prompt coincidences 27
2.4.3.2 Accidental coincidences 27
2.4.3.3 Scattered coincidences 28
2.4.3.4 Multiple coincidences 28
2.4.4 Resolution: Coincidence response functions 29
2.5 Two and three-photon coincidence 31
2.6 PET Data collection and Image reconstruction 32
2.6.1 Introduction 32
2.6.2 Lines of response 33
2.6.3 Sinogram and sampling PET data 34
2.6.4 Analytical 2D reconstruction 34
2.6.4.1 The filter back projection (EBP) algorithm 34
2.6.4.2 Iterative reconstruction method 35
2.7 Summary 37
Chapter 3 PET detectors and performance of current PET scanners
3.1 Introduction 38
3.2 PET detectors 38
3.2.1 Scintillation detectors 39
3.2.2 Multi wire proportional chambers 45
3.2.3 Scintillation photodiode detectors 47
3.2.4 Block detectors 47
3.3 Performance of current generation PET scanners 50
E. Abuelhia
IV
Contents
3.3.1 Spatial resolution 50
3.3.2 Energy resolution 50
3.3.3 Count rate performance 51
3.3.4 Noise equivalent count (NEC) rate 51
3.3.5 Scatter fraction 52
3.4 Attenuation in PET 52
3.5 Clinical application of PET 54
3.6 Summary 56
3.6.1 Technical limitations of current PET scanners 56
3.6.2 Improving performance of PET scanners 57
Chapter 4 Semiconductor Detectors Characterisation and Monte Carlo 
Simulation.
4.1 Introduction 58
4.2 Interaction of Photons with Matter 58
4.2.1 Photon interaction in human tissue and
correction for y-ray attenuation. 59
4.2.1.1 Photoelectric absorption 59
4.2.1.2 Compton scattering 60
4.2.1.3 Rayleigh Scattering 63
4.2.1.4 Pair production 65
4.3 Radiation Detection System 65
4.3.1 Detector characteristics 65
4.3.2 Germanium detectors 66
4.3.2.1 HPGe-detector 66
4.3.2.2 Detector resolution 67
4.3.2.3 Detector efficiency 69
4.3.2.3.1 Absolute photopeak efficiency 69
4.3.2.3.2 Intrinsic efficiency 69
4.3.2.3.3 Relative efficiency 71
4.3.2.3.4 Peak-to-total ratio 71
4.3.2.3.5 Peak-to-Compton (P/C) 72
4.3.2.4 Detector deadtime 72
4.4 Experimental work 73
4.4.1 Objectives of the experiments 73
4.4.2 Measurement procedures 74
4.4.2.1 Experimental results. 75
4.5 Monte Carlo simulation of detector response function 82
4.5.1 Introduction 82
4.5.2 HPGe detectors and source configuration 83
4.5.3 Monte Carlo Simulation results 85
4.6 Conclusions 87
E. Abuelhia
Contents
Chapter 5 Intercomparison of Semiconductor detectors Used in Triple 
Coincidence Imaging Technique
5.1 Introduction 88
5.2 The physics of semiconductor detectors. 89
5.3 Principles of semiconductor photon detectors 89
5.3.1 Development of Ge(Li) and HPGe detectors 89
5.3.2 Cadmium Zinc Telluride Detectors 90
5.4 Interaction of ionising radiation with semiconductors 93
5.4.1 Interaction with gamma and X- rays 93
5.4.2 Creation of electron-hole pairs 93
5.5 The timing properties of semiconductor detectors 94
5.5.1 Pulse shaping and timing 94
5.5.2 The coincidence timing resolution 95
5.6 Experimental procedure 96
5.6.1 Coincidence timing measurement 96
5.6.2 Effect of distances between detectors in coincid.. 99
5.6.3 Rise time measurement 101
5.7 Comparison of Monte Carlo simulation and
experimental work. 103
5.8 Conclusion and discussion 107
Chapter 6 Three Photon Positron Annihilation Yield Measurement
6.1
6.2
6.3
6.4
6.5
Introduction
Review of previous work
6.2.1 Methods of 3-gamma measurements
6.2.1.1 The triple coincidence technique
6.2.1.2 Relative yield measurement
6.2.1.2.1 Peak-valley method
6.2.1.2.2 Peak-to-peak method 
Experimental procedure
6.3.1 Sample materials
6.3.2 Triple coincidence instrument set-up 
Results and analysis
Conclusion and discussion
108
111
112
112
118
118
119
121
121
122
124
128
Chapter 7 Three Photons Annihilation Imaging
7.1 Introduction
7.2 Three photon annihilation
7.3 Experimental procedure and sample preparation 
7.3.1 Experimental set up
Time pick-off system 
7.3.2.1 Spectroscopy amplifiers 
13.2.2  Time single channel analyzer 
Triple coincidence unit 
Simultaneous analogue-to-digital converter 
Energy signal set up
7.3.2
7.3.3
7.3.4
7.3.5
129
129
131
131
132 
132
132
133
133
134
E. Abuelhia
VI
Contents
7.3.6 Timing signal set up 135
7.4 Procedure of measurement 136
7.5 Energy calibration of the system 137
7.6 Sample preparation 139
7.7 Image reconstruction 139
7.8 Proof-of-principle validated by Monte Carlo simulation 144
7.9 Three photon spectral analysis 149
7.10 Conclusion 154
Performance of triple coincidence imaging
8.1 Introduction 155
8.2 Theory and model of triple coincidence imaging 156
8.2.1 Analytical model for triple coincidence 156
8.2.1.1 The singles rate, true and random triple 
coincidence events
156
8.2.2 Count rate performance 157
8.3 Experimental Procedure 158
8.3.1 Coincidence Timing Measurement 158
8.3.2 Analytical Model Estimation 159
8.3.3 Delayed Coincidence Channel Estimation 160
8.3.4 Image reconstruction
8.3.5 Assessment of the spatial resolution of three
161
photon annihilation images as a function of: 168
8.3.5.1 Scanner size 168
8.3.5.2 Detector size 171
8.3.5.3 Position of detectors in FOV 176
8.4 Conclusion 178
C hapter 9 Conclusions and future work 180
References 185
Appendices 197
Appendix A
Solid angle and detector geometry calculation 197
Absolute and intrinsic efficiency calculation & eiTors 198
Graphs and tables of counting efficiency versus detectors lengths 199
Appendix B 201
Detector specifications (HPGe and CZT detectors) 201
Error calculations of peak-to-peak and peak-to-valley methods 202
Corrections for full particle absorption in samples 203
Vll
E. Abuelhia
Contents
Appendix C 205
Program for statistical analysis for results in table 7.8 205
Appendix D
Effects of, energy window, resolving time, source activity, 
and estimated delay coincidence on three photons positron 
annihilation images. 206
Appendix E
Publications
210
210
Vlll
E. Abuelhia
List o f  fisures
Chapter 1
Figure 1.1 
Figure 1.2
Figure 2.1 
Figure 2.2
Figure 2.3 
Figure 2.4 
Figure 2.5 
Figure 2.6
Figure 2.7
Figure 2.8 
Figure 2.9 
Figure 2.10
Figure 3.1 
Figure 3.2 
Figure 3.3 
Figure 3.4
Figure 3.5 
Figure 3.6
Figure 4.1 
Figure 4.2
Figure 4.3 
Figure 4.4 
Figure 4.5
Figure 4.6 
Figure 4.7 
Figure 4.8 
Figure 4.9 
Figure 4.10 
Figure 4.11 
Figure 4.12
Figure 4.13
List of figure captions
Page
Flow chart describing the steps followed in this work 2
Advance technology block BGO detector for high sensitivity and 
photon fraction. 6
Chapter 2
Positron emission and annihilation 14
Enor of determining the location of emitting nucleus 
due to positron range. 16
Positron Non-colineaiity 16
PET coincidence detection system 26
Types of coincidence events 27
Geometrical spatial resolution changes due to point 
source position 30
The FWHM of the coincidence response function 
for discrete and continuous detectors 30
Lines of response (LOR) & the Sinogram of a point source 33
Illustration of 2D backprojection . 36
Flowchart for iterative image reconstruction 37
Chapter 3
Light processes in Scintillation detector 39
Timing and pulse shape of the scintillation detector 41
Multiwire proportional chamber 46
A block of BGO scintillator crystal is partially sawn
through to make a group of quasi-independent crystals
that are optically coupled to four photomultiplier tubes. 49
Conventional PET Detector Module 49
PET attenuation corrections (coincidence of a point
source in an object of thickness L). 53
Chapter 4
Compton scattering 60
The angular probability distribution for Compton 
scattering annihilation photons. 63
Configuration of a planar HPGe detector. 67
HPGe (p and n type) Cross sections 67
Solid angle between a point isotropic source and 
a detector with a circular aperture 70
Energy calibration curves for different energy 75
Detector resolution: peak-to-total ratio versus relative efficiency 78 
Peak-to-Compton versus efficiency 79
Absolute full-energy photopeak efficiency against energy 79
Intrinsic full-energy photopeak efficiency (HPGe) against energy 81 
Energy resolution versus energy for the detectors 81
A schematic presentation of MCNP geometry, used to 
model the response function of germanium detectors 84
Pulse height spectrum of (^^^Eu) measured and simulated. 85
E. Abuelhia JJL
List o f  fisures
Figure 4.14 (a) Effect of different crystals thickness on counting efficiency 86
(b) Effect of different crystals thickness on counting efficiency,
normalized. 87
Chapter 5
Figure 5.1 Linear absolution coefficients as a function of gamma energies 93
Figure 5.2 Block diagram for peaks setup to measure coincidence
time resolution 96
Figure 5.3 Display two coincidences, timing signal (yellow) and energy
signal (green) set-up for coincidence timing resolution 
measurement 97
Figure 5.4 Block diagram of electronic chain for measuring time resolution 98
Figure 5.5 The multichannel time spectrum for a radioisotope source
emitting some radiation in prompt coincidence 99
Figure 5.6 Effect of distances in signals detected in coincidence from two
HPGe-detectors inadiated by 511 keV annihilation photon 100
Figure 5.7 The effect of distance between coincidence detectors in
Photopeak Efficiency 100
Figure 5.8 Detector bias versus rise time 101
Figure 5.9 Energy resolution of HPGe, CZT and Nal(Tl) as a function
of gamma-ray energy 102
Figure 5.10,11 Full-photopeak efficiency vs energy, experimental and
Monte Carlo calculation 105
Figure 5.12 Measured and simulated spectra of ^^ ^Cs, (CZT, HPGe) detectors 106
Chapter 6
Figure 6.1 Physics of positron annihilation 109
Figure 6.2 Interaction of positron with matter 110
Figure 6.3 ^^Na decay scheme 119
Figure 6.4 Reference materials 121
Figure 6.5 AiTangement for the Teflon 3-gamma yield measurements 122
Figure 6.6 Electronic setup for triple coincidence technique to
measure three photon positron annihilation 123
Figure 6.7 Photographs of 3-photon detection system 124
Figure 6.8 Shows increase in three photon positron annihilation
due to Teflon 127
Chapter 7
Figure 7.1 The concept of three-photon positron annihilation imaging 130
Figure 7.2 Illustration of the operation of a differential discriminator 133
Figure 7.3 Represents three photon peaks: (Peakl = 340, Peak2 = 342,
Peak3 = 347) are registered in triple coincidence mode with 
the ADC card. 134
Figure 7.4 Triple coincidence calibration spectrum 137
Figure 7.5 Linear graphs of energy against channels for the three detectors 138
Figure 7.6 Three photon images for one, two and three sources. 141
Figure 7.7 Block diagram of the triple coincidence technique. The time
Pick-off block includes amplifier and timing single 
channel analyser 143
Figure 7.8 A, c, and d, represent proof of principle images of positron
distribution obtained experimentally from three-photon
E. Abuelhia
List affleures
Figure 7.10
Figure 7.11 
Figure 7.12
Figure 7.13
Figure 8.1 
Figure 8.2 
Figure 8.3 
Figure 8.4 
Figure 8.5 
Figure 8.6
Figure 8.7 
Figure 8.8 
Figure 8.9 
Figure 8.10 
Figure 8.11
Figure 8.12 
Figure 8.13
Figure 8.14
Figure 8.15 
Figure 8.16
positron annihilations and (b) is the Monte Carlo 
Simulation assessment. 142-146
The effect of energy window set-up in, percentage of 3-gamma, 
FWHM and signal to noise ratio (S/N)
Monte Carlo Simulation of randomly coincident events 
(a) Single detector’s energy spectrum of the triple coincidence 
Events and (b) Energy sum spectra of the triple coincidence 
events before filtering
Triple coincidence total events, random events 
versus radioactivity
Chapter 8
Timing resolution measurement
Three-photon positron annihilations imaging complete system 
Reconstructed images with different coincidence timing window 
FWHM versus energy windows 
Three photon events versus activity and energy window 
(a) Single detectors spectra from the triple coincidence 
measurement after filtering procedure, and (b) the spectrum 
of the sum of energies.
Corrected true and random events versus activity 
Variation on count rate against source-detector distance 
Effect of scanner size on three photon positron annihilation 
Point spread function as a function of scanner diameter 
Effect of collimator slit size for 7.5cm diameter HPGe 
detector on three-photon positron annihilation image.
Effect of collimator slit size on FWHM 
A, B and C represents a single spectrum of the three detectors 
showing the true three photon events studied as a function 
of collimator slit size (resizing the detector)
Characteristics: energy resolution versus count rate for each 
of the Ge detectors “changing source-detector distance and 
measuring count rate and FWHM of the photopeak”
Three photon annihilation versus detector’s FWHM 
Shows the spread on the point source image of the three 
photon events with detectors positioned at different 
distances from the point source in field of view.
148
149
150
152
159
160 
162
163
164
166
167
169
170
170
171
172
173
175
176
177
Chapter 9 
Figure 9.1 New PET scanner design 184
E. Abuelhia JO .
List o f  tables
List of tables
Chapter 2
Table 2.1 List of radionuclides decay by positron emission and are
relevant to PET imaging.
Table 2.2 Numerical data for the radioisotopes most commonly
used in PET.
Chapter 3
Table 3.1 Physical properties of scintillation materials used in PET
13
17
45
Chapter 4
Table 4.1 The effect of energy resolution on the Compton scattering.... 64
Table 4.2 Characteristics of HPGe and Ge(Li) detectors used 74
Table 4.3 Decay data for radionuclides used as efficiency standards 76
Table 4.4 Solid angle values at various source-detector distances 77
Table 4.5 detectors measured parameters compared to manufacture 77
Table 4.6 statistical analysis relative efficiency versus peak-to-Compton 78
Table 4.7 Counting efficiency of germanium detector of four
different thiclaiess and different energies (at 5cm distance) A
Table 4.8 Counting efficiency of germanium detector of four
different thickness and different energies (at 15cm distance) 86
Table 4.9 Counting efficiency (of germanium detector of four
different thickness and different energies (at 25cm distance) A
Chapter 5
Table 5.1 Specifications of the two eV- product CZT spectrometers 91
Table 5.2 (a & b) The main properties of CdZnTe detectors compared
to other semiconductor detectors. 92
Table 5.3 Parameters for characterising coaxial germanium detector 94
Table 5.4 A comparison between the experimental and simulated efficiency 104
Table 5.5 Statistical analysis of the experimental and simulated efficiency 104
Chapter 6
Table 6.1 Three photon yield from triple coincidence imaging technique 124
Table 6.2 Count rate result from peak-to-peak method 125
Table 6.3 Net count rate from peak-valley method 125
Table 6.4 Results from peak-valley method as changing the range of
peak region 126
Table 6.5 Analysis of 3-gamma from Cu and A1 experiments 126
Table 6.6 The original and recovered positions of the sources
and spatial resolution 127
E. Abuelhia JÜ-
List o f  tables
Chapter 7
Table 7.1 Settings of the energy of the spectroscopy amplifiers 135
Table 7.2 Settings of the timing speed amplifiers 135
Table 7.3 Settings of the timing signal channel analyzers 136
Table 7.4 Energy calibration for the Ge-detectors 138
Table 7.5 Shift in recovered positions, spatial resolutions and S/N of
three photon positron annihilation proof of principle images 144
Table 7.6 The effect of different energy windows on total registered events 147
Table 7.7 Total events registered and total count rates acquired 151
Table 7.8 Total true events registered and percentage of one or
two 511 keV event included. 152
Chapter 8
Table 8.1 The effect of energy windows and distances on total true
and scattered events 
Table 8.2 Delay coincidence technique (estimation of random events)
165
165
E. Abuelhia -XII.
Chapter 1_________________________________________________________________________ Introduction
Chapter 1 
Introduction
1.1 Thesis overview and aim of the work
This work focuses on the potential use of three-photon positron annihilation as an 
additional modality to conventional positron emission tomography (PET).
The main objective is to study the three-photon positron annihilation processes, which 
are not currently utilized by conventional PET and the requirement of the detection 
system. At present, PET is based on the dominating 2y (511 keV) positron 
annihilation. By measuring positron annihilation, the time-dependent spatial 
distribution of the radiotracer is recovered. The annihilation radiation, however, 
carries much more information about the environment with which the positron 
interacts. The rate of 3y decays is proportional not only to the local concentration of 
the radionuclide, but also to the yield of 3y annihilation. This in turn depends 
sensitively on local chemical environment, particularly the presence of oxygen. As the 
major application of PET to-day is in neoplasm diagnosis, the measurement or 
imaging of the three-photon positron annihilation could add and provide valuable 
information on the state of oxygenation in tumours (hypoxia). Therefore, if the work 
is further developed with the PET scanner in imaging these oxygen variations, it may 
be possible that hypoxic necrotic tissue can be imaged directly as ‘hot spots.’ This 
information may be of value to treatments involving external beam radiotherapy and 
may be further of use in brachytherapy (e.g. in prostate cancer). Having two maps of 
2y and 3y images, would also improve the image quality at lower radiation doses 
administered to the patient.
A quantitative experiment consists of a series of successive steps, as shown by the 
following flow chart (Fig. 1.1).
©E. Abuelhia
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Experimental design
Acquisition: Triple 
Coincidence Acquisition
Radioactive Sample 
Preparation
Parameters Evaluation for 
Detector Performance
Mathematical Modelling
Monte Carlo Simulation
Figure 1.1: Flow chart describing the steps followed in this work
Positron emission tomography is an advanced method of biomedical functional 
imaging, which has rapidly expanded over recent years. It is used to trace metabolic 
pathways of specific radiolabelled substrates within a living organism, being a 
valuable tool in clinical practice, particularly in oncology, as well as in biological 
research, e.g. for new drug development.
The combination of the state-of-the-art radioisotope imaging technique and modem 
gannna spectroscopy technology can open a variety of new capabilities and improves 
the performance of imaging systems. With high-energy resolution detectors the 
currently entirely neglected three-photon positron annihilation events can be detected 
and incorporated as a new PET imaging modality. Although they are rare, they caiTy 
valuable biochemical information obtained directly from chemical interactions of 
positrons rather than by means of a specific radiolabelled drug. In this work the proof- 
of-principle experimental results supported by Monte Carlo simulation are presented. 
A new technique of measuring three-photon positron annihilation was applied and 
compared with existing techniques. It is necessary to develop workable mathematical 
models to describe the detection system of three photon positron annihilation
©E. Abuelhia
Chapter 1_________________________________________________________________________ Introduction
processes. The effects of detection system on three-photon positron annihilation to 
obtain spatial resolution are investigated.
This thesis focuses on each of these requirements in order to investigate, add and 
improve the imaging system in positron emission tomography.
Chapter one focuses on the historical introduction to positron emission 
tomography PET. The radiotracers developed for conventional nuclear medicine are 
presented. This is followed by a brief discussion of current PET detectors used and 
new crystals available as well as a brief historical background to positron and 
positronium formation. The main purpose of this chapter is to provide PET 
instrumentation and clinical background in order to understand current applications 
and future developments of PET imaging.
Chapter two focuses on the principles of PET and a description of all 
coincidence types present. This is followed by description of the data collection and 
techniques used for image reconstruction in clinical PET. The main objective of this 
chapter is to provide the necessary theoretical and clinical background to understand 
the current applications and future prospects of PET. This is basically a background 
chapter and will act as a reference for the rest of the thesis.
Chapter three shows a review of PET detectors and performance of current 
PET scanners. The theoretical background of all types of PET detectors and scanners 
used in the medical field are described. All the parameters required for detector 
performance are discussed. With the availability of radiopharmaceuticals routinely 
produced in PET Centres, various relevant clinical applications of PET will be 
explained. Limitations of cunent PET scanners will also be discussed.
In Chapter four an overview of theoretical background of semiconductor 
detectors and their major parameters for good performance are discussed. Because of 
the special requirements of the detection system of three-photon positron annihilation, 
in this chapter the characterisation of these detectors supported by Monte Carlo 
simulation are presented.
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Chapter five describes the capabilities of semiconductor detectors to measure 
and image three photon positron annihilation processes in order to investigate their 
feasibility of positron emission tomography (PET). The intercomparison is based on 
the experimental results and Monte Carlo simulation predictions of the important 
performance parameters of the detectors.
Chapter six discusses the physics of positron annihilations into three photons. 
The main principles of the methods of three-photon positron annihilation 
measurement available are widely explored. The main objective of this chapter is to 
review the previous work done in this field and to apply and assess a new technique of 
indirect three-photon yield measurement (the triple coincidence imaging technique).
Chapter seven focuses on the main concept of the three-photon positron 
annihilation imaging. It is explored in order to provide an overview of the technique 
to be applied as an addition to dedicated conventional PET. A new analytical 
technique and methodology of assessing the triple coincidence techniques is proposed 
and applied to validate the experimental results. The electronic layout of the proposed 
system used for three-photon positron annihilation detection is presented. Also Monte 
Carlo simulation is used to assess and verify the experimental work.
In Chapter eight it is shown that the quantification of functional imaging 
(blood flow, metabolism and receptor characteristics) with PET, especially for small 
structures requires improvements in instrumentation to enhance imaging performance 
parameters (e.g. spatial resolution). In this chapter we focus on the performance of the 
proposed triple coincidence imaging technique. The important parameters to be 
considered when constructing a new scanner are evaluated. All aspects of a new 
scanner design are investigated experimentally.
The existence of the positron was predicted by Dirac in 1930 (Dir 30). Then the 
positron was discovered in cosmic-ray showers in 1933. Annihilation of the positron 
with an electron resulting in the conversion of the mass of the two particles to 
electromagnetic energy was found soon after the discovery of the positron.
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Experimental studies of the positron and its interactions with matter were minimal 
until the late 1940s, when scintillation counters became available.
Positron emission tomography [PET] is a technique for measuring the 
concentrations of positron-emitting radioisotopes within a three-dimensional object by 
the use of external measurements of the radiation from these isotopes. PET is a 
powerful technique for obtaining in-vivo quantitative information about localized 
tissue physiology, biochemistry and pharmacology. The localization is approximately 
accurate to all the data collected from a radionuclide concentration and distribution in 
a point to be presented as a grey scale image of a cross-section of an object, with the 
intensity of each picture element or pixel proportional to the isotope concentration at 
that position in the object. PET offers the possibility of identifying early chemical 
abnormalities that may either precede anatomical alteration or by the sole indicator of 
a disease state and its affected area (Pel 89). In contrast to radiotracers developed for 
conventional nuclear medicine, most radiolnuclides (positron emitters) found in the 
human body such as (ti/2  = 20 min)’ (ti/2  = 10 min), (ti/2  = 110  min) and 
(ti/2  = 2 min), thus allowing investigations that do not perturb the biological 
system under study. Most of these isotopes are unstable nuclei of the elements of life 
and the building stones of nearly every molecule of the biological system. However, 
hydrogen has no radioactive isotope decaying with emission of radiation, which can 
be detected outside the human body. The PET systems are based on the principle of 
annihilation coincidence detection of two 511 keV photons that are emitted in 
approximately opposite direction, when a positron is annihilated with an electron in 
the body. The development of modem clinical PET scanners can be traced back to the 
1950s when a positron emitter was used to produce 2D projection images of the 
distribution of isotopes in the brain (Swe 51 & Wre 51). PET imaging became a 
reality following the combination of research in different fields such as the use of 
positron emitters for brain tumour localisation, annihilation coincidence detection for 
nuclear medicine applications, rotation of planar detectors for acquiring tomographic 
images and the use of acquisition and reconstmction techniques for the development 
of PET scanners. PET is also moving in the study of metabolic consequences of gene 
expression or gene defects (Phe 00). In the last decade many genetically engineered 
small animal models have been developed (Che 01). The study of these animals with 
high-resolution small animal PET cameras provides new opportunities in dmg 
development. Especially valuable is the contribution of PET to bridge the gap
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between molecular biology, understanding of pathology and to the design of a new 
generation of drugs. Three-dimensional (3D) whole-body PET scanning offers the 
advantage of high sensitivity and can reduce patient dose while maintaining high 
Single-to-Noise (S/N) ratio (Tow 04). In conventional whole-body scans, acquiring 
several overlapping slices at distinct bed positions results in an axially varying 
sensitivity profile due to cylindrical detector geometry. In order to minimise the axial 
non-uniformity it is necessary to optimise differences being incorporated in the final 
image (Cut 96). Several investigators have shown that the continuous axial sampling 
method is effective for the elimination of axial noise non-uniformity in the 
reconstructed images (Che 92, Dah (92, 94, 01)). The primary limiting factor that 
determines the spatial resolution of a PET scanner is the size of the scintillation 
crystal, the smaller the diameter of the scanner ring, the more likely scattered and 
random coincidences will be recorded. The smaller the crystal the better resolution. 
Bismuth germanate (BGO) with its superior stopping power (high efficiency) high 
spatial resolution and non-hydrophilic properties became available in the late 1970s 
and generally used in conventional imaging systems until very recently. Figure 1.2 
shows advance technology BGO detector for high sensitivity and photon fraction.
Figure 1.2: Advance technology block BGO detector for high sensitivity and photon 
fraction (CTI Inc. Knoxville, Tenn.).
The crystal elements are substantially smaller than the size of the PMT this increases 
the spatial resolution in the multi-slice PET system. Due to its linear attenuation 
coefficient at 511keV, the detection efficiency for the annihilation photons, is almost 
a factor of three times higher for BGO than Nal(Tl). Earth orthosilicate is cerium
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doped lutetium oxyorthosilicate called LSO. It has lower atomic number, but better 
scintillation characteristics than BGO (Mel 92) compared to BGO, LSO is seen to be 
the most useful crystal scintillator for PET at present. However, the optical quality 
and the purity of the materials are most important. LSO crystals, which provide more 
light output and are denser and faster than BGO, have also studied as new scintillators 
for time-of-flight PET (Mos 99). The LSO scintillators provide time resolution almost 
as fast as BaF2 scintillators do. Although PET began to demonstrate its clinical 
usefulness as early as the mid 1980s, it has only recently (over the past 10 years) 
found widespread acceptance in routine clinical practice (Nah 85). This can be mainly 
attributed to the high cost associated with running a PET facility, particularly for 
applications such as functional brain imaging which require the presence of a 
cyclotron on site because of use of (very short-lived). PET technology
development over the past 10 years has accordingly undergone a number of 
significant changes, driven mainly by the requirements imposed by the whole body 
acquisitions, which dominate diagnostic oncology investigations (Bey 99). Today, 
research and clinical work is concentrating on the use of PET for more specific 
oncology areas such as response to therapy applications and radiotherapy treatment 
planning.
The existence of positronium (Ps); a relatively stable bound state of the 
positron with an electron was found in 1949. During the 1950s considerable study was 
made of the fundamental characteristics of positrons and positi'onium. Positronium is 
a metastable combination of a positron and electron, although positronium certainly 
has unique physical and chemical properties, several analogies can be drawn between 
it and hydrogen. Positronium exists in the singlet and triplet states with particle spins 
anti-parallel and parallel, respectively. The singlet state is called paia-positronium(p- 
Ps) while the triplet state is called ortho-positronium (o-Pg ).ln vacuum, o-Pg can only 
decay to at least three photons , with life time longer than that of paia-positronium or 
that of a free positron. In interaction with matter the surrounding electrons typically 
prevail leading either to a direct annihilation of the positron with one of the electrons 
(pick-off process), or to the conversion of ortho-positronium into para-positronium 
(quenching), which then decay rapidly to two gammas. As a result of these factors 
mentioned above, the effective yield of three-gamma annihilation in matter depends 
on the rate of positronium formation and the rate of quenching and pick-off processes
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that, in turn, depend on the fast time scale positronium chemistry in the terminal spur 
of the positron track.
At present, in PET the formation of positronium and its decay into three 
photons is totally neglected although its there. In this thesis, the positron annihilation 
into three photons, although quite rare, and its potential use as an addition to 
dedicated PET is studied. The detection of three photon positron annihilation requires 
a system set up with a triple coincidence unit. By detecting the positions and energies 
of the three photons, the point where the annihilation occurred can easily be located 
therefore the amount of information obtained from single event is higher (Kac 04) 
than for the 2y pairs, where localisation is up to a line.
The main prerequisite for three photon positron annihilation to be detected is 
to implement a scanner based on high energy resolution detectors. The energy 
resolution of the detector dictates how many of the angle dependent Compton 
scattered event are rejected thereby reducing the fraction of the scattered photons 
included in the photopeak counts which are used as raw data for image formation. 
This minimizes image degradation.
Present PET detectors (BGO, LSO etc) are not suitable for three photon 
positron annihilation imaging. BGO detectors are most widely used in a conventional 
PET scanner and LSO detectors are increasingly employed in new generation systems. 
However, their intrinsic energy resolution is not good enough to give spatial 
resolution, adequate to obtain a useful image, hence, they are not good to be used for 
three photon positron annihilation
Recently, progress in physics and technology of wide-band semiconductor 
materials, in particular CdTe and CdZnTe, used for high resolution, room temperature 
gamma detectors opens the possibility of a wide range of their applications in medical 
imaging. If also high puiity germanium detectors which have excellent energy 
resolution are used in conventional PET, it would give spatial resolution in order of 
1cm or less, which is comparable to the influence of the size of the detector. The main 
reasons of not using the HPGe-detectors in PET scanner are its low stopping power 
(efficiency), expensive and most important is the cooling system requirement.
Introducing the technology of semiconductor detectors in PET it will improve 
and reduce the current PET limitations. Several groups and manufacturers labs are 
working on semiconductor detectors (CZT) to be used for PET, and probably within 
the next few years we will see first prototypes in practical use.
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Chapter 2 
Positron E m ission Tom ography
The main objective of this chapter is to provide an overview and background of 
positron emission tomography. It contains historical background and theory about 
positron and positronium and their use in nuclear medicine. The principles of PET and 
a description of all coincidence types are presented. This is followed by description of 
data collection and techniques used for image reconstruction in clinical PET. The 
main objective of this chapter is to provide the necessary theoretical and clinical 
background to understand the current applications and future prospects of PET.
2.1 Introduction
Positron emission tomography (PET) is a technique that uses specially designed 
radioactive tracers to image the body’s function non-invasively. PET represents the 
state-of-the-art in the combination of in vivo use of tracers and medical tomographic 
imaging (Ben and Tow 1998). It is the most sensitive technique for in vivo tracer 
investigations of biochemical and physiological pathways in health and disease. PET 
is a functional imaging modality with a unique role because it uses radioactive short­
lived forms of organic species, and (fluorine is used as a surrogate
for hydrogen) which are isotopes of important body elements and can be incorporated 
into many biological molecules such as amino acids and proteins. Positron emission 
tomography is a technique for measuring the concentrations of positron-emitting 
radioisotopes within a three-dimensional object by the use of external measurements 
of the radiation from these isotopes. PET is a powerful technique for obtaining in-vivo 
quantitative information about localized tissue physiology, biochemistry and 
pharmacology. It provides quantitative measurements of the spatial and temporal 
distributions of the radiolabled molecules within living subjects. Its ability to track 
trace amounts of molecules within small animals offers tremendous opportunities for 
researchers to study normal development of biological systems, initiation and 
progression of disease state, gene expression and the pharmacokinetics or 
pharmacodynamics of new drugs (Phe 00, Che 01). The basic process employed in 
PET is the annihilation of a positron and an electron that results in two almost co- 
linear gamma photons, each having energy 51 IkeV.When these are detected in 
coincidence by a pair of detectors placed in a ring or set of rings around the object, the
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annihilation occurs at some place along a line joining the centres of the detectors, 
called the line of response (LOR). This unique feature refened to as electronic 
collimation provides a significant advantage of PET over single photon emission 
tomography (SPECT). Sets of LORs can be obtained from many coincidence events 
registered in different detector pairs, which are usually stored in the form of a matrix, 
called a Sinogram. This sinogram is a transformed image of the spatial density of the 
positron-emitting nuclide; the function spatial density can be reconstructed using one 
of the methods available e.g. back-projection. However, because of the discrete nature 
of the sinogram, the recovery of the continuous spatial density is not a mathematically 
well-posed problem and the solution may not be unique. A number of methods have 
been developed in attempts to make the actual reconstruction algorithms rather 
complicated, particularly in the fully 3D case (Def 01).
Positron and Positronium  Formation
2.2.1 Positron em ission  and annihilation
The positron was postulated by (Dir 30) as the negative energy extension of his theory 
of electron energy levels. The energy E and momentum p of a free particle are related 
by the equation:
E" =pV + m „V  2.1
Where nio is the rest mass of the particle and c is the speed of light. The solution of 
the equation in the absence of electromagnetic field for the electron leads to an energy 
spectrum containing two continuous bands separated by an interval of 2mc^. One
band corresponding to the negative energy states with E - - c ^ p ^ + m ^ c ^  and the
other positive energy states with E = c ^p ^  +m^ the negative energy solution is 
the same as the positive energy solution except that the electric charge -e  is replaced 
by +e (e=1.6 x 10'^  ^ c). It was proposed by Dirac that in the absence of an external 
field, the negative energy states are completely filled with one electron in each, in 
keeping with the Pauli exclusion principle. It was also assumed that these electrons do 
not produce an external field or contribute to the energy of the system; in other words, 
the system which has all negative states and no positive states occupied is taken as the 
‘zero’ point for the measurement of charge, energy and momentum. One of these 
electrons can absorb a photon of energy hv > 2mc^ and cross the gap to a positive
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energy site. The resulting ‘hole’, or vacancy, in the sea of negative energy charged 
electrons is observed as a particle with positive charge and positive energy. These 
unoccupied negative energy states are called positrons, which are the anti-particles of 
electrons. When a positron collides with an electron, the electron has a high 
propensity for maldng a relative transition to the unoccupied negative energy level. 
This transition results predominantly in the conversion of mass of the electron and the 
positron to electromagnetic radiation of total energy:
f  E_ 2.2
where mo as before is the rest mass of the electron or positron and c is the velocity of 
light. E+and E_ are the Idnetic energies of the positron and the electron, respectively. 
The electromagnetic energy may consist of one photon if there is sufficient interaction 
of the positron with closely bound electrons (most k-shell), but two quanta emission is 
by far the most probable process. Because conversion-of-momentum requirements, 
the two photons are emitted in nearly opposite direction. Three photon annihilation 
also occurs but to a much lesser extent than the two photon process. The three photons 
have a summed energy of 1.022MeV, with the energy shared in accordance with their 
relative directions. Distinct selection rules govern the number of quanta emitted in a 
collision of a free positron with an electron. If the particles meet with their spins anti­
parallel, that is, a singlet interaction, an even number of annihilation photons is 
allowed. Because the probability of multiple-photon annihilation decreases greatly 
with increasing multiples, two-photon emission is always observed. It is forbidden for 
collisions to take place where the particles meet with their spins parallel, that is, triplet 
interactions. In this case three photon annihilation quanta are emitted. The relative 
number of two and three-photon annihilations depends on the triplet and singlet 
interactions and the rate of annihilation for each state. The singlet state has total 
angular momentum J = 0; hence the z-component of angular momentum, M, is zero. 
The triplet state has J = 1, and M= 0, ±1. Thus the statistical ratio of singlet to triplet 
interactions is 1:3. The ratio of the singlet to triplet annihilation rates (Gre 64 and Ore 
49) is approximately 1115:3. Combining these factors the ratio of probabilities of 
two-photon (singlet) to three-photon (triplet) annihilations resulting from free positron 
interactions with electrons is 1115:3. For the hypothetical case of unpolarised 
electrons and positrons annihilating with nonrelativistic velocities, Dirac calculated 
the cross-section for two-photon production:
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2.3
where ro is the classic electron radius (e  ^ /moC  ^ ), v is the relative velocity of the 
positron and the electron. The rate of the three-photon annihilation depends on Gg and 
the number of electrons in the area. If n is the number of electrons per cm^, the rate of 
annihilation, Xg, is given by:
A = a n y  = TVr^ c^ n = 4.5 X —l A y
2.4
where e, Z , and A are the physical density, the atomic number, and the atomic weight 
of the medium, respectively. Thus free annihilation of positrons is a function of 
electron density (eZ). Besides undergoing free annihilation, positrons may form a 
relatively stable atom by uniting with the electron. This bound system, called 
positronium, may have a lifetime as long as 1.4x10’' sec. The ratio of cross sections 
for three-photon to two-photon annihilation is:
—  =  a =
(To 372 2.5
the cross section for two photon annihilation of a free positron and a free electron was 
shown by Dirac (1930) to be:
= ( ^ ) { + 4 y  + l) (X + 3) 2.6
where y = (1-v^ /c^)’^^  ^ and the classical electron radius r  ^ = e /^moC .^ The cross 
section for three-photon decay is simply a multiple of G2
0 - 3  = 3ti:(7T - 9 ) a a ^  372 2.7
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2.2.1.1 Positron decay
There are two ways in which proton-rich radionuclides can decay and that will reduce 
an excess of positive charge on the nucleus. These are the neutralisation of a positive 
charge with the negative charge of an electron, electron capture from an inner atomic 
orbit (equation 2.8) or the emission of a positron from the nucleus (equation 2.9). The 
positron will then combine after collision with an orbital electron in the surroundings 
and annihilate. Electron capture is the dominant process in nuclides with high atomic 
number due to an increased amount of orbital electrons close to the nucleus. Most 
nuclides in living tissue are of low atomic number so the foremost process of decay 
for rich proton radionuclides is positron decay.
2.8
2.9
Electron capture 
Positron decay
Radionuclides that decay predominantly by positron emission can be used for PET 
imaging. Table 2.1 presents a selection of these radionuclides that are commonly 
encountered in relation to PET imaging. Included in the table are the maximum 
Idnetic energy of the emitted positrons, Emax, radionuclides half-life and the fraction 
of decays that occur by positron emission.
Radionuclides Half-life Emax (Mev) Branching fraction
''C 20.4 min 0.96 1 . 0 013n 9.97 min 1 . 2 0 1 . 0 0
1 2 2 s 1.73 1 . 0 018p 109.8 min 0.63 0.97
2^Na 2.60 y 0.55 0.90
^^Cu 9.74 min 2.93 0.97
^C u 12.7 h 0.65 0.29
^^Ga 67.6 min 1.89 0.89
'^ '^ Br 16.2 h Various 0.56
®^ Rb 1.27 min 2.60, 3.38 0.96124j 4.17 d 1.53,2.14 0.23
Table 2.1: List of radionuclides that decay by positron emission and are relevant to
PET imaging.
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The emitted positron with its electrical properties is able to collide with peripheral 
electrons in atoms (Fig. 2.1) and eventually combine. Such a process, named 
annihilation, occurs in a short time range after emission.
Positron Emission and Annihilation
SllJceV
Unstable parent 
nxcletis
Proton decays to neutron in 
nucleus, positron and 
neutrino are emitted
VPositron combines 
ti^ ith electron and 
annihilates SîîkeV
Figure 2.1: Positron emission and annihilation
The positron and electron form a positronium, which will be transformed, into a pair 
of two distinct photons with energy of 51 IkeV each. The pair is emitted in space in an 
isotropic way, that is to say in a 4ti steradian solid angle. Annihilation photons are 
emitted in opposite directions, with small variation around Tt radians (Fig. 2.1). 
Therefore the PET scanner does not detect positrons directly, but uses important 
features of positron-annihilation to determine spatial location of a radionuclide. One 
of the assumptions in PET is that when positron annihilates with an electron the 
resulting annihilation photons travel in exactly opposite directions. However, this is 
not always true, unless the positron electron pair comes to a complete rest, and will 
have some residual momentum when it annihilates. Because of conservation of 
momentum, the annihilation photons will have some net directional component rather 
than being emitted exactly 180 a part. It is also important to note that the point of 
positron annihilation does not correspond to the exact location of the radionuclide 
from which it originated. Positrons are emitted from the unstable nucleus with a 
continuous range of energies and, therefore, travel a finite distance, gradually losing 
energy by inelastic collision, before annihilating. The distance travelled depends on
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the end-point kinetic energy of the positron and the composition of the surrounding 
medium. This will obviously introduce an error in spatial location.
2.2.1.2 Positron range and Nonoollnearity
There are two effects in PET imaging systems that lead to errors in determining the 
line along which a positron-emitting radionuclide is to be found. These effects place 
some finite limits on the spatial resolution attainable with PET and manifest 
themselves as a blurring of the reconstructed images. Spatial resolution is affected by 
the range of the positrons emitted (Fig. 2.2), and therefore depends on positron energy. 
Positrons lose energy by ionisation and by excitation within the medium; annihilation 
becomes significant only when the positron energy is a few eV. The path traversed by 
the positron from the point of emission to the point where the annihilation occurs is 
tortuous due to successive elastic and inelastic scattering by atoms. The path length is 
the sum of lengths traversed between interactions. Experimentally characterised by 
the fwhm and fw (l/1 0 )m of the distribution of the penetration distance of positron 
emitted from a point source (table 2.2). Positrons emitted by many non-pure positron 
sources are of higher energy than those from pure positron emitters. The dependence 
of positron range on energy has been discussed elsewhere (Lev 99). Generally the 
observed spatial resolution is the convolution of the system resolution of the scanner 
with the positron range function for the radionuclide in question. Two expressions 
describing positron range from a point source are often quoted in the literature; these 
are a single exponential (Tso 85):
= Nç,Expi-fjx)  2.10
where p=1.7E -  1.14 pmax and a bi-exponential (Levin and Hoffman 1999):
^(x) -  N q{CExp (-k^x)  + ( 1 -  C )E x p { -k ^ x )  2.11
Where N(x) is the number of positrons at a distance x  from the source, No is the 
number of positrons emitted by the source, and C, k\ and k2 are parameters established 
in Monte Carlo calculations. Predicted resolution is relatively insensitive to the 
differences between these blurring functions.
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Positron range
Positron emitting 
Radionuclide
Positron
Positron range
SllJceV
Annihilation
SllJceV
Figure 2.2: Error in determining the location of the emitting nucleus due to positron 
range (depend on the energy of the emitted positrons) and noncolinearity 
(independent of radionuclide). The error in (e.g. FWHM) is determined by the 
separation of the detectors. The average angular deviation from 180° is about ±0.25 
(Che 03).
Positron emitting 
Radionuclide
SllJceV
Positron Annihilation
Error due to 
non-colinearity
Non-coiinearity SllJceV
Figure 2.3: Positron non-colinearity
The range of the positron depends on the electron density of the medium. In water, 
which is the major component of biological tissue, the range of the positrons emitted 
from PET radionuclides is about 1-2 mm, as reported in Table 2.2 (Yam 84) and (Cho 
75). Actually, a tomograph can only detect the annihilation point: the range of the 
positron separates these two points. This range effect degrades the spatial resolution.
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introducing a blurring in the image. The contribution of this effect to the total spatial 
resolution is reported in Table 2.2 for several isotopes (Kou 82). In general, the 
annihilation occurs when the positron has reached thermal equilibrium with an 
electron not at rest. In fact, electrons constitute a statistical system of particles (Fermi 
gas) with an isotropic distribution of momentum in space. An approximated 
calculation of the deviation from the co-linearity of the emitted photons can be made 
by just considering the thermal motion of the particles and the conservation of the 
Fermi momentum (Sha 50, Eis 85) and (Bro 53), this gives 180°±0.25°. The 
distribution of the angular deviation in water (e.g., biological tissue) is assumed to be 
Gaussian with a FWHM ^ .5 ° .
Isotope Half-life (min) Max. Idnetic 
energy (MeV)
FWHM in 
water (mm)
FW(1/10)M in 
water (mm)
l i e 20.4 0.96 1 . 1 2 . 2
i^N 1 0 1.198 1.4 2 . 8
ASq 2 1.732 1.5 3.6
18p 109.8 0.633 1 . 0 1 . 8
68.3 1 . 8 8 1.7 4.0
Table 2,2: Numerical data fo r  the radionuclidet commonly used in PET. Electrons 
and positrons do not move along a straight line in matter because o f the high number 
o f interactions with small energy exchange; therefore their path length is always 
longer than their range (Kouris, Spyrou and Jackson 1982).
The contribution to the spatial distribution in the centre of a detector ring of diameter 
D can be parameterised as (Hum 03):
FWHM « A6 > X — == 0.0022 x D 4 2.12
By setting A0 to a value of 0.5° (8.7 mrad), this means a contribution to the spatial 
resolution of 2.2 mm FWHM per meter of detector separation. The range effect and 
the 2y noncolinearity (Fig. 2.3), as described above, are fundamental physical
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resolution limits in PET. Their effects degrade the spatial resolution, causing a 
blurring in the reconstructed image. This is especially evident for isotopes with a high 
Emax (i.e., large positron range) and for whole-body PET systems, where the detector 
separation is greater than on dedicated brain or animal scanners. When the electron or 
positron passes through matter it loses its energy by ionising and collisions. It may 
suffer significant deflections due to elastic scattering. The positron range is defined, 
as the thiclcness of the absorber that the particle can just penetrate, is shorter than its 
path length. In practice, the path length is about 1.2 to 4 times the thiclcness of the 
absorber traversed, the ratio being largest for slow electrons or positrons in materials, 
which have high atomic number-Z (Eva 55). The broad distribution of path lengths is 
due to statistical distribution of energy losses. Some have large losses and short path 
lengths, others suffer smaller and fewer losses and have much longer path lengths. In 
theory, it is possible to calculate the path length of such particles using the specific 
energy loss relations. The average path length (S) for an electron of a Idnetic energy 
(T) is:
2.13
dT
Where
~dT~ ~dT~+_dX_ ion _dX_ rad
Due to large collision effects from electrons or positrons, the actual paths will show 
large variations about this mean value. The energy losses due to ionisation are 
predominant within the energy range of beta paiticles, therefore mainly this process 
affects the path length and the range. Ionisation losses along the path of the positron 
depend on the electron density of the absorber material (NZ). High atomic number, 
high density materials will consequently result in the largest linear stopping power 
due to ionisation (Kno 79). NZ is the number of atomic electrons per unit volume, 
where N is the number of atoms per unit volume and Z is the atomic number. If the 
density of the absorber (mass per unit volume). No is Avogadro’s number and A is the 
atomic weight then:
NZ = PNc
J  J
z
A 2.14 (see also eq. 2.4)
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The ratio [Z/A] is nearly constant for all elements and equal to 0.45 ±0.05, except for 
hydrogen for which it is close to unity. Therefore, the ionisation losses will remain 
approximately independent of the absorber material, and will depend only on its 
density. Therefore, NZ/p is approximately constant for all elements. The above 
mentioned mean values {(dT/dX)ion and (dT/dX)rad}can serve only as guides in the 
estimation of theoretical ranges for electrons or positrons. In most practical situations, 
the completely empirical range-energy relationships must be used. The tail of the 
transmission curve of initially mono-energetic electrons doesn’t reflect particle 
transmission, but rather represents the detection of relatively penetrating 
bremsstrahlung photons generated by the electrons in the absorber and possibly in the 
source and its holder (Sor 87). The thicknesses of the absorber play an important role 
of the particles to penetrate. Then reproducible results are obtained by extrapolating 
the approximately linear middle portion of the absorption curve, until it cuts the value 
assigned to background effects. This extrapolating range, Ro, is also called “practical 
range”. Empirical relationships between Rq and the energy have been proposed by 
many workers for different absorber materials. As initial estimation of electron or 
positron ranges tend to be about 1mm and 2mm per 1 MeV in low and moderate 
density materials respectively (Kno 79), or several meters in air (p = 0.001293 g/cm^) 
(Sor 87). Electron range is inversely proportional to the density of the absorber 
material. To normalize for density effects, electron ranges are usually expressed in 
(g/cm^) of the absorber. This is related to the range in centimetres according to 
(Sor87):
R^(cm) = R^(g I cm^) I p ( g  Icm^) 2.15
The transmission curve for beta particles differ significantly form that of mono- 
energetic electrons and positron because of the continuous distribution in the energy
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of beta particles. The low energy particles are rapidly absorbed, so that the initial 
slope on the attenuation curve is much greater. The thiclcness of the absorber required 
to stop the beta particles of the highest energy, Emax (end-point energy of the beta 
spectrum) is called the maximum range (Rm). It is found that (Rm) for a continuous 
beta particle spectrum is indistinguishable from the extrapolated range (Ro) of mono- 
energetic electrons whose energy (E) is the same as Emax of the beta particle spectrum. 
Therefore, empirical relations between Rq and E for a line spectrum of electrons are 
valid for Rm and Emax for beta particle spectra. However, there are no sources of 
mono-energetic positrons (Eva 55).
2.2.2 The Positronium
The possible existence of a bound state between a positron and an electron was first 
postulated by Mohoroviclc 34 and was discovered by Deutsch in 1951. The 
positronium atom is analogous to the hydrogen atom except for the difference in mass 
between the two positive particles. Positronium is a metastable combination of a 
positron and an electron. If a high-energy positron falls within a certain energy 
boundary in its thermalisation process (around lOeV), it may strip an electron from 
the environment and form a bound electron-positron pair; positronium (?s). Although 
positronium certainly has unique physical and chemical properties, several analogies 
can be drawn between it and hydrogen. Positronium exists in the singlet and triplet 
states with particle spins anti-parallel and parallel, respectively. The singlet state is 
called para-positronium, where the spins are opposed, S = 0 and with an orbital 
angular momentum L = 0, and has lifetime 1.25n^ x lO'^^s in the absence of external 
effects. The triplet state is ortho-positronium, where the spins are aligned S = 1 and L 
= 0, with a lifetime 1.4n^ x lO'^s when only self annihilation occurs. Where n is the 
total quantum number. Conservation of angular momentum allows para-positronium 
to decay to two photons. A system of two photons cannot have states of angular 
momentum equal to unity (Akh 65), which mean that although ortho-positronium 
cannot decay into two photons, a three-photon decay is possible. Because of the 
statistical nature of positronium formation three times more ortho-positronium (J = 1; 
M =0, ±1) is formed than para-positronium (J = 0, M = 0). The positron in 
positronium experiences electron effects predominantly from its partner, which has 
specific spin orientation. If all of the positrons born in a system formed positronium
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which only underwent self-annihilation, 75% would be triplet and would decay by 
three-photon emission. The other 25% would be singlet and would emit two 
annihilation photons. The ratio of the two photons to three photon annihilations would 
be 0.33. This is very different from the ratio of 372 for annihilation of positrons from 
the unbound state; hence one criterion for determining if positronium is formed is by 
measuring the 2y/3y. Also by measuring the lifetime of positron decay and the 
measurement of the energy spectrum for the annihilation photons. Obviously, 
positronium formation does not occur simultaneously with positron emission^ but only 
after the positron has slowed down to an energy in the vicinity of lOeV. The positron 
thermalises according to the electron density in the surroundings. In metal it reaches 
thermal energies, 0.025 eV, in approximately 10'"s. In ionic or amorphous solids and 
in liquids the thermalisation time is about lO'^^s. In gases, because of the much lower 
density, it may require 10‘^ s to thermalize. Positronium is bom with up to 6 .8 eV 
energy and thermalises at about the same rate as a positron. Thus in condensed phases 
positronium spends most of its lifetime at thermal energies, while in the gas phase it 
may be an epithermal particle for most of its existence.
2.2.2.1 Interactions with matter
In matter, positron interactions with the surrounding electrons typically prevail 
leading either to a direct annihilation of the positron with one of the electrons (pick- 
off process), or to the conversion of ortho-positronium into para-positronium 
(quenching), which then decays rapidly to two gammas. As a result of the above 
factors, the effective yield of the three gamma annihilation in matter depends on the 
rate of positronium formation and rate of quenching and pick-off process that, in turn, 
depend on the fast timescale positronium chemistry in the terminal spur of the 
positron track.
2.2.2.2 Positronium quenching
Quenching refers to any means by which the positronium lifetime is shortened from 
its self-annihilation lifetime. Quenching occurs in all practical systems. Hence the 
ortho-positronium lifetime in free space, is as short as in condensed phases. The most 
noticeable quenching is of ortho-positronium because of its long lifetime relative to 
para-positronium. Indeed, quenching of ortho-positronium by conversion to para- 
positronium is often cited. There are three main types of quenching: conversion, pick- 
off, and chemical reaction. Conversion quenching is the process of shortening the
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normal lifetime of ortho-positronium by a spin reversal of the electron relative to the 
positron. If ortho-positronium collides with an atom or a molecule containing one or 
more unpaired electrons it may be converted to para-positronium. The annihilation 
rate of para-positronium is much greater than ortho-positronium. The effect of 
conversion quenching is to yield an ortho-positronium lifetime less than 140ns, the 
minimum being 0.5ns because of statistical averaging of para- to orth- and ortho- to 
para- conversion.
2.2.2.S Pick-off Quenching
Pick-off is the annihilation of the bound positron with an outer shell electron during a 
collision. When the wave function of the positron in positronium overlaps sufficiently 
with an electron in the surrounding medium, the pair can annihilate. Pick-off 
quenching becomes less prevalent as the free volume in a system increases; thus 
temperature and phase changes that result in a higher free volume will result in a 
lower rate of pick-off and relatively longer ortho-positronium lifetime. Chemical 
reaction of positronium may oxidise it to the free positrons, bring the positronium into 
close proximity to electrons by bond formation, or reduce it to positronium (e'eV), 
which is stable by only 0.3eV. This causes the lifetime of ortho-positronium to be 
shortened towards the free annihilation lifetime. The ratio of the two-photon to three- 
photon annihilations in air is about 372 in all cases except self-annihilation of para- 
positronium and ortho-positronium, where the annihilation is essentially 1 0 0 % by 
two-photon and three-photon emission, respectively. Besides the main types of 
positronium quenching that involve the chemical and physical nature of the 
environment, outside magnetic forces can be applied that cause magnetic quenching.
In this project, in order to achieve higher three photon yields, the sources used for the 
experimental work were made of a thin kapton foil encapsulated point-like ^^Na 
sources have been placed in fine silica powder (Si0 2 , aerogel) and sealed in glass 
containers of diameter 6 cm under nitrogen atmosphere. SiOz is a low-density material 
(about 1 / 1 0  of the water density), where a positron emitted by the radioactive source 
can capture one electron and form positronium. The advantage of using such a 
material is that in the pores the positronium atom can decay almost freerly. In fact in 
dense material, the density of electrons is higher, thus the probability that the positron 
annihilates with one electron which is not a bound partner is bigger. This effect is 
called pick-off annihilation and is the basic principle used for spectroscopy with 
positrons.
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2.3 PET radionuclides
PET technology uses positron emitters, which have generally a short decay time 
constant. The use of positron emitters, which are atoms already present in human 
metabolism, allow investigations that do not perturb the biological system under 
study. Among the loiown elements, which produce radionuclide emitting positrons, 
carbon, nitrogen, oxygen, and fluorine are the most interesting for a human 
exploration because they are naturally present in human molecules. Such molecules 
are called radiopharmaceuticals when a radionuclide substitutes a stable isotope 
(i.e.^^FDG). All,these elements have small atomic number, between 6  and 12 Uam, so 
they can be attached easily in most human molecules and proteins of every size.
2.3.1 Production of positron emitters
Positron emitters are used routinely in Nuclear Medicine with a PET facility. Table
2.1 outlines the properties of interest. Most of the radionuclides are produced by 
charged-particle bombardment techniques. Such particles must have enough Idnetic 
energy to overcome the electrostatic repulsion of the positively charged nucleus. 
Using either a cyclotron or a linear accelerator, the charged particles are accelerated to 
hit and interact with the nuclei of stable atoms. One major advantage of producing 
isotopes through charged-particle bombardment is that the desired isotope is almost 
always of different atomic number to the target material. This kind of radionuclide 
production yields radionuclides that are predominantly neutron-deficient and therefore 
decay by positron emission or electron capture. If the radioactive decay leads to the 
production of a radioactive daughter with a different atomic number, simple chemical 
separation of the parent daughter combination is possible. This is the principle of the 
radionuclide generators, which are widely used in nuclear medicine for the production 
of The daughter nuclide has a suitable short half-life for use in imaging where 
the parent should have sufficiently long half-life to allow for production and transport. 
As an example for PET sources, as a parent radionuclide with half-life of 275 
days and the daughter is with a half-life of 6 8  minutes emitting positron and 
gamma rays. Positron emitters that are used in medicine and to study the biochemistry 
of life are short-lived, with half-lives of minutes, so a cyclotron is required to be on 
site.
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2.3.2 Positron emitter & radiotracer properties
PET studies range from standard image displays that provide indices of physiological 
function to complex Idnetic analysis methods for absolute quantification. Depending 
on their biochemical properties, PET radiotracers may be divided into two categories. 
The first category includes non-specific radiotracers following a biochemical pathway 
and allowing for measurement of tissue extraction or metabolism. Radiotracers from 
the first category include: *^ 0 -water which is a freely diffusible inert tracer used for 
cerebral blood flow measurement; ^^FDG which follows the initial phases of glucose 
metabolism but does not enter the Kreb's cycle after phosphorylation and therefore is 
effectively trapped in the cells to allow tissue glucose metabolism measurement; and 
^^F-fluoromisonidazole which is a bio-reductive drug that in vivo follows an 
intracellular reduction pathway and can be used for viable hypoxic tissue 
measurement. Radiopharmaceuticals from this category may be assessed using a 
single or two-compartmental plasma-tissue model. The second category includes 
specific radioligands involved in an interaction with a receptor transporter or a 
receptor site. Radiotracers from the second category include: ^^C-flumazenil which is 
an antagonist with high affinity and selectivity for central benzodiazepine receptors; 
and ^^C-SCH23390 which is an antagonist with high affinity and selectivity for 
dopamine D1 receptors. Both radiotracers are used to study changes in density and 
affinity of central receptors. Radiopharmaceuticals from this category may be 
assessed using a three-compartment model: unmetabolised free ligand in plasma; free 
ligand in tissue; and specifically bound ligand in tissue.
The P h ysica l B a s is  of PET
2.4.1 Basic principles of PET
The principle of PET imaging is the coincidence detection of annihilation photons. 
Positrons are produced from proton rich radionuclides that decay by emission. 
When emitted from the unstable nucleus, the positron has some initial kinetic energy 
that is lost through collisions with neighbouring electrons in surrounding tissue. And 
the positron loses all or most of its energy and eventually recombines with an electron 
to form positronium with very short lifetime. It annihilates, converting all its mass 
into energy in the form of two photons each of 511 keV. In order to satisfy
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conservation of energy and momentum these gamma rays are emitted at almost 180° 
to each other although there is a spread of angles (with a full width half-maximum 
(FWHM) of about 0.5°), because the annihilation may take place before the positron 
comes to rest. If both gamma rays are detected within a very short time (a few ns) of 
one another (i.e in coincidence), then they are assumed to come from the same decay 
or annihilation process, and the original positron-emitting nucleus must be located 
along, or very close to, the line joining the two detection points. This process is 
known as annihilation coincidence detection and the line joining the two detection 
points is known as a line of response (LOR). The physical basis of PET lies in the fact 
that a positron produced by a radioactive nucleus travels a very short distance before 
it annihilates with an electron to form a pair of high energy 511 keV photons. If 
positron emitters are spatially distributed with density function at location x, the 
number of detected events between a pair of detectors along the line of response 
(LOR) is an approximate line integral of the density function.
2.4.2 C o in cid en ce  d etection
The coincidence detection of the annihilation photons is used to measure both the 
quantity and the location of the positron emitter (Fig. 2.4). As the positron passes 
through matter it loses its energy or is deflected from its original path due to elastic 
scattering with atomic nucleus, elastic scattering with atomic electrons and inelastic 
scattering with atomic electrons. In coincidence detection: two photons hit the 
detectors surface within a very short time window. As one photon at least of the pair 
has a certain probability to undergo scattering with energy loss before going out from 
the subject, the coincidence does not really occur simultaneously. A coherent time 
window of approximately 500ns is the maximal tolerance for two events registered in 
two different detectors. However, the fact that two events have been registered in a 
time-window unit is not the proof that the source point is located on the corresponding 
LOR. If the two photons are deflected one or more times inside the subject, the final 
LOR can be far away from the real one. Such scattered coincidences represent a large 
number of events scattered in the object and the detectors. Moreover, there is a 
possibility that one photon of a pair escapes the scanner volume. The other one will 
hit a detector without corresponding coincidence: it is classified as a ‘single’. If 
another pair has the same density, the two singles can be registered simultaneously at
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different places during the same time window, and a false LOR is drawn between the 
two single-hits; such events are called random coincidences. The classification of 
different types of coincidences is described in (Zai 99).
Coincidence detection in a PET camera
Channel 1
Channel 2
511 keV
LOR]
Summedchannel511 keV
Coincidence events
Figure 2.4: PET coincidence detection 
2.4.3 Types of C oincidences Events
The coincidence events; annihilation events that occurring within the volume defined 
by the detector pair and electronic collimation. They are four possible types of events 
that a PET camera can observe: true coincidence, random coincidence, multiple and 
scattered coincidence (Fig. 2.5). Under ideal circumstances, only true coincidences 
would be recorded, that is, only events where the two detected annihilation photons 
originate from the same radioactive decay and have not changed direction or lost any 
energy before being detected. However, due to limitations of the detectors used in 
PET and the possible interaction of the 511 keV photons in the body before they reach 
the detector, the coincidences measured are contaminated with undesirable events, 
which includes random or scattered coincidence; one or both of the annihilation 
photons are diverted from their original path before reaching the detector as a result of 
Compton interactions with electrons in surrounding (tissue). Accidental or random 
coincidence occurs when two uncorrelated photons are detected and registered.
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All these events have a degrading effect on the measurement and need to be corrected 
to produce an image that represents as closely as possible the true radioactivity 
concentration.
True Coincidence Scattered Coincidence
Random Coincidence Multiple Coincidence
Figure 2.5: Types of coincidence events
2.4.3.1 Prompt coincidences
Prompt coincidences are defined as the total number of events detected by the 
coincidence circuit in a PET scanner. These events consist of true, scattered, and 
accidental coincidences where the true coincidences are the only ones that carry 
spatial information regarding the distribution of the radiotracer. The scattered and 
accidental events are subtracted from the prompt coincidences to yield the net true 
coincidence rate for each measured LOR.
2.4.3.2 Accidental C oincidences Events
When positron annihilation occurs, the two 51 IkeV photons are emitted 
simultaneously. Therefore, the detectors should ideally respond simultaneously.
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Because of the finite time resolution of the detectors, signals must be accepted if they 
occur within a certain finite time interval or timing window. But due to the finite 
width of the window, it is possible that two unrelated single annihilation photons can 
be detected and registered as a valid coincidence. These unrelated events are referred 
to as accidental or random events. These events which are produced by photons 
emitted from unrelated isotope decays, they do not carry any spatial information about 
the activity distribution and produce an undesired background in the final images. 
Suppose the number of gamma ray events ri and r2 are detected in a pair of detectors 
in coincidence with coincidence timing windows ‘t ’, then the random coincidence R 
is given by:
R  = 2 rx r^ r^  2.16
where r i and r2 are the singles count rates of the detectors and t  is the logic pulses 
produced when a photon is absorbed in the detector or the width of the timing signal 
( Sor 89). The term 2 t is often referred to as the coincidence-timing window. The 
singles count rates r i and r2 are directly proportional to the activity in the field of view 
of the scanner and the rate of random coincidences is proportional to the square of the 
activity in the field of view.
2.4.3.S Scattered Coincident Events
Scattered coincident events in conventional PET are in essence true coincidences, but 
one or both of the two annihilation photons has undergone a Compton scattering 
interaction and changed direction before they reach the detector pair. It is assumed 
that all detected coincident events originated from an annihilation, which in turn, 
originates from a position anywhere on a line connecting the detector pairs. Due to 
change in direction in a scattered event, this is not true and the event is assigned to the 
incorrect LOR. The scattered events produce a low spatial frequency background that 
reduces contrast.
2.4.3.4 Multiple Coincident Events
In spite of only two detectors required to register a valid coincidence event, at high 
count-rates three or more detectors are involved. In this case, it becomes ambiguous 
where the event should be positioned. Because of this ambiguity, these multiple
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coincidences are normally discarded. However, they can contain information about 
the quantity and spatial location of positron emissions because these events are often 
composed of a true coincidence together with a single photon from an unrelated 
annihilation. In some circumstances, it may be better to randomly select one of the 
possible LORs rather than completely discarding the event.
2.4.4 Resolution: Coincidence response functions
The final image resolution in PET is affected and limited by the design and properties 
of the detector used in the PET scanner, the system geometry and the positron range 
and non-colinearity. The intrinsic detector resolution can be divided into geometrical 
resolution (the best possible resolution attained for a particular design using 
scintillation material with ideal detection properties, 1 0 0 % detection efficiency) and 
the physical resolution (caused by non-ideal properties of the detector, e.g., detector 
scatter, light sharing and cross-talk). For any pair of discrete detectors, the 
geometrical resolution at the mid-point between the detector pair, can be described by 
a triangular shaped coincidence response function (figure 2.6) where the FWHM 
equals one half the detector width. This response function can be obtained by 
considering how many coincidence events would be detected as a small source is 
moved across the detector face. At any position close to either of the two detectors the 
response function changes and becomes trapezoidal in shape and eventually becomes 
a square function at the front face of the detector. The intrinsic resolution is therefore 
strongly influenced by the width of the detector elements.
In continuous detector systems, the intrinsic spatial resolution of the detector is 
largely determined by the number of scintillation photons available for determining 
the position of the event, not by geometric factors (Fig. 2.6). The intrinsic spatial 
resolution of a continuous detector can typically be approximated by a Gaussian with 
a particular FWHM. Therefore, the coincidence response function at the midpoint 
between the detector pair is equal to the individual detector resolution FWHM/V2 . 
Figure 2.7 shows the change in the FWHM of the coincidence response function for 
discrete detectors and continuous detectors as a function of the source location.
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Intrinsic Resolution 
FWHM = W
zx FWHM a WrWHMaW AFWHM = 3W4 FWHM a 0 85W
. . AFWHMsW/2 FWHM = WX2
Intrinsic Resolution 
FWHM = W
(a) Discrete Detectors (b) Continuous
Figure 2.6. (a) Geometrical spatial resolution changes due to point source 
position between two discrete detectors. Jit centre the coincidence response 
Junction has a triangular shape with FWHM equal to h d f  the detector width. 
FWHM increase linearly with distance towards the detector. ) for continuous 
detectors the coincidence response function at centre is wHl, increasing to w at 
detector face. Reproduced from (Cherry and Phelps, Ph. In Nuc. Med. 2003)
0.9 Continuous Detector
0.8
h ' Discrete Detector
0.6
0.5
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Offset / System Radius
Figure 2.7; The FWHM o f  the coincidence response 
function fo r  discrete and continuous detectors with W =las a 
function o f  source position (offset) relative to the two 
detectors.
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The size or thickness of detectors used in PET imaging (typically 2-3 cm) lead to 
another geometric effect that degrades the spatial resolution. This effect: detector 
parallax or the depth of interaction effect is caused by the fact that annihilation 
photons can interact at any depth in the scintillator material. The coincidence response 
function will change; broadening (Fig. 2.6), which will depends on the width and 
thickness of the scintillator material, and the separation of the detectors. It results in a 
worsening in the radial component of the spatial resolution of PET images as you 
move away from the centre of the field of view. This can be a significant effect in 
small-diameter PET scanners that use thick scintillation detectors. If the depth of 
interaction is measured, then the effect could be reduced and would allow a coixect 
placement of the event. The final system resolution for a particular system design is a 
convolution of all the resolution response functions, including the positron range, 
photon noncolinearity, geometric factors, intrinsic spatial resolution and physical 
factors. Also insufficient sampling of lines of response through the object can degrade 
the resolution in the final reconstructed image.
2.5 Two and Three-photon Coincidences
The double coincidence method of studying two photon positron annihilation is quite 
simple, not only because of simple construction of the coincidence apparatus but also 
because of the high coincidence rate obtained from a relatively week source. However, 
double coincidence is normally only used in determinations of the angular distribution 
of the two-photon positron annihilation events. The extension of the coincidence 
method to three photon positron annihilations, however, introduces more difficulties. 
In the case of two photon positron annihilations, energy momentum conservation 
requires that the two gamma rays are emitted in very nearly opposite directions. In the 
case of three photon positron annihilations, momentum conservation requires only 
that the gamma rays are emitted in the same plane and that no more than two in the 
same half-plane. Qualitative and quantitative indications of positronium formation in 
a sample can be obtained by comparing the count rate of two- or three-photon 
coincidences with the rate in a substance in which positronium is formed in a loiown 
amount. The two-gamma coincidence rate of 0.511MeV photons is highest in 
substances such as aluminium where no ortho-positronium is formed, that is, when the 
2y/3Y ratio is 372/1. If the ortho-positronium is formed, the relative two gamma 
coincidence rate is less than in aluminium. Conversely, the three-gamma coincidence
©E. Abuelhia 31
Chapter 2_______________________________________________________ Positron Emission Tomosraphv
rate is least in aluminium and greater when a significant intensity of the positrons 
decay from ortho-positronium by three-gamma annihilation.
Three-photon annihilation coincidence measurements can be made by placing a 
detection system which consists of three detectors having higher energy resolution 
and efficiency. Three-photon decay occurs when a triplet positron-electron pair 
annihilates, as when ortho-positronium decays. The three-photon energies can be 
varying between 0-511 keV and their sum is equal to 1022 MeV. Energy and 
momentum conservation does not require a unique directional correlation between the 
three photons, only that they are emitted in the same plane and no more than two in 
the same half-plane. Hence the detector and the sample must be placed in coplanarity. 
The source-to-detector distance should be adjusted to achieve equal counting rates on 
each detector. A typical distance is less than 20cm to facilitate comparison of 
counting rates between samples, the thickness and size should be identical.
2.6 PET Data Collection and Image Reconstruction
2.6.1 introduction
The goal of image reconstruction is to provide quantitatively accurate cross-sectional 
images of the distribution of positron-emitting radiopharmaceuticals in the object that 
is being scanned, using the externally detected radiation along with the mathematical 
algorithms of computed tomography. This essentially allows us to see inside the body 
in a completely non-invasive fashion. During the course of the PET scan, the total 
number of counts measured by a particular detector pair will be proportional to the 
integrated radioactivity along the line joining the two detectors. These data are 
commonly referred to as line integral data. The role of image reconstruction is to 
convert the line integrals measured at many different angles around the object into a 
2-D image that quantitatively reflects the distribution of positron-emitting nuclei in a 
slice through the object parallel to the detector plane. There are two basic approaches 
to image reconstruction. The first one is analytic in nature and utilises the 
mathematics of computed tomography that relates line integral measurements to the 
activity distribution in the object. The second approach is to use iterative methods that 
model the data collection process in a PET scanner and attempt, in a series of 
successive iterations, to find the image that is most consistent (using appropriate 
criteria) with the measured data.
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2.6.2 Lines of R esponse
The straight line connecting the centres of two detectors is called a line o f response 
(LOR). In figure 2.8 each pair of detectors da, dt is associated an LOR, ^
sensitivity function:
=i x , y , z ) )  2.17
The number of coincident events detected is a Poisson variable with a mean value:
< ^ . ' 4  > = ^ j F o v d r f i r ) W a ,M f f  2.18
where T is the acquisition time and/( r ) the function of interest i.e. tracer 
concentration.
A tube o f  response between two detectors with
corresponding LOR The Sinogram variables S  and 
the ta define the location and orientation o f the LOR
Figure 2.8: Lines of response and sinogram of a point source
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2.6.3 Sinogram and Sampling PET Data
With reference to figure 2.8 the variables r and^ are used to parameteiise a straight 
line (LOR) with respect to a Cartesian coordinate system (x, y) in the plane. The 
variable r defines the distance between (LOR) and the centre of the system. The 
angular variable ^ specifies the orientation of the LOR. The line integrals of the 
tracer distribution are then given by:
p ( r ,^ ,Z o )= j  d tf{x  = r c o s (p - ts in 0 ,y  = rsin(l) + tcos(p,z = ZQ) 2.19
In equation 2.18 we assume that the model is linear hence non-linear effects due to 
random coincidences and dead time are pre-corrected. When there is no photon 
scattering from tissues, no sensitivity function outside the tube of response, then the 
accuracy of the spatial localisation of the annihilation events is determined by the size 
of the tube of response, which in turn depends on the geometrical size of the detectors, 
photon scattering and the variable depth of interaction of the gamma-rays within the 
crystal (parallax error). Analytical reconstruction algorithms assume that the data 
have been pre-corrected for various effects such as random, scattering and attenuation. 
The model assumes each tube of response as a mathematical line joining the centre of 
the front face of the two crystals (Vir 98). This means the sensitivity function 
rfft (^) is zero except when r g  . Because of this approximation the data set is
modelled as line integrals of the tracer distribution:
< A  A >= \d7f{r) 2.20
d^a.db
2.6 .4  Analytical 2 0  Reconstruction
2.6.4.1 The Filtered Backprojection Algorithm
Image reconsy-^^^jo" in anoix/oic Let a f u n c t i o n is defined
by Fourier ^  v  ^ /
f (= ^dxdyf[x, y )exp(- 2m(^xv^ + yVy )
= ^dxdyfix , y)exp(- 2m(^xv^ + yVy ) 2.21
The inverse Fourier given by:
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(3"'f)(%, y)  =  f i x ,  y)
(dv^dVyFiv^,vf )exp(2m(xv^ + yv_.) 2.22
Vx and Vy denote the frequencies associated with x and y respectively. The most 
important of Fourier transform is its convolution theorem:
The Fourier transform of the convolution of two functions/and h is given by:
( /  * h%x, y ) = jdx 'dy'f {x , y } i { x  -  / ,  y -  y ')  2.23
is the product of their Fourier transfoims:
( 3 ( /  * ft))(v^ V3, ) =  ( 3 /  )(v^, ) (3 / î ) (v , , ) 2.24
In image processing convolving /  with h amounts to filtering f  with a shift-invariant 
point spread function h. In general, the Fourier transform is useful for all problems 
that are invariant for translation, and therefore also for tomographic reconstruction. 
More detail about this section can be found in (Peter E Valk et al, 2003). The standard 
algorithm in PET is the filtered backprojection EBP algorithm. It is equivalent to the 
direct Fourier reconstruction in the limit of continuous sampling. The FBP is a 
straight-forward manipulation involving changing from Cartesian (Vx,Vy) to polar 
(v, (j) ) coordinates.
2.Ô.4.2 Iterative reconstruction methods
While the FBP being the most commonly used reconstruction method for PET, the 
iterative reconstruction method offers an alternative approach. It involves more 
computational work than the FBP technique and has had less clinical use to date. 
However, due to recent improvements in computers the iterative reconstruction 
method has become more useful. Figure 2.9 summarises the concept behind this 
technique.
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Object f(x, y)
Data acquisition
Siiiogmin s(r,0)
Foiwaid Calculated
ProjectionImageestimate
projection ___ Compare ea*(x, y) DataS(r,0) Converged?/
Update
Imageestimate
no reconstnictedimage
Figure 2.9: Flowchart for iterative image reconstruction. Image estimate is forward- 
projected to calculate a Sinogram that is being compared with the measured one. The 
image is updated based on comparison between measured and calculated Sinograms. 
(Che 03)
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2.7 Summary
PET offers the possibility of quantitative measurements of tracer concentration in vivo. 
However, there are several issues that must be considered in order to fully realize this 
potential in practice. The quantification of functional imaging using positron emission 
tomography is an emerging research field. But there are some limitations that need to 
be resolved. Image quality is an important issue; image degrading factors: limited 
spatial resolution, partial volume effect, photon attenuation, selected reconstruction 
algorithms and scattered photons from object and gantry. Absolute image 
quantification will no doubt provide a more truthful representation of the clinical 
processes being imaged.
Today, one such emerging clinical application currently attracting increased interest is 
the use of PET for more specific oncology areas such as response to therapy 
applications and radiotherapy treatment planning.
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Chapter 3
PET detectors and Performance of Current PET Scanners 
3.1 Introduction
The detection of gamma-ray photons starts with the detector where photons interact 
and an output signal is generated. The probability of interaction within the detector is 
a function mainly of the photoelectric and Compton interaction cross-sections and the 
angle of incidence photon. The output signals from the detector pass through an 
amplifier for amplification and shaping and the selection of pulses of interest follows. 
A discriminator is used to give logic pulses if the input signals pass the required 
threshold or noise level, also a single channel analyser (SCA) may be used to select 
pulses from an energy region of interest.
In PET where the information about the arrival time of a quantum of radiation in the 
detector is of a particular interest and where the two detecting channels are used, the 
detectors and their electronics should be optimised to give high timing accuracy in 
order to examine where the two detected photons correspond to the same annihilation 
event or not. Properties of available and emerging PET detectors, read-out 
technologies and physical performance have been compared (Hum 03).
3.2 PET detectors
There are currently over 200 PET scanners installed worldwide by different 
commercial companies (Mue 06) and (Nut 02), but the original scanners developed in 
the 1970’s were quite different, they were based on a limited number of NaI(TI) 
crystals coupled to photomultiplier tubes (PMT) with some groups pursuing 
circumferential designs (Ter-Pogossian 75, Cho 76). In the early PET scanners 
individual scintillation detectors were placed next to each other in hexagonal or 
octagonal geometries to form a ring around the patient. As bismuth germanate (BGO) 
with its superior stopping power became available in the late 1970’s as an alternative 
detector, it gradually replaced Nal(TI) as the scintillator of choice in most PET 
scanners. The relative high energy of the 511 keV photons used in positron 
tomography requires that the detectors employed must have good detection efficiency. 
Since timing is also given priority in PET, the detectors must be fast enough so that 
events not related in time with each other, outside a time window, are ignored. With 
respect to energy analysis, detectors must have a high-energy resolution, and with
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timing measurements, a high timing resolution is required. The accuracy with which 
timing can be performed not only depends on the properties of the specific detector 
but also on the type of electronics used to process the signal. Therefore, in systems 
such as positron tomography where the radiation dose to the patient should be 
minimized, a compromise between these parameters must be achieved. However, 
scintillation detectors with slow response such as CsI(TI) are not favoured.
3.2.1 Scintillation detectors
Inorganic scintillator crystals are the most commonly used detectors for PET. 
Scintillation detectors have found great use in PET not only due to their being fast but 
also because of their high detection efficiency. In any scintillation detector (Fig. 3.1) 
the collection of the largest possible fraction of the light is desirable to avoid losses in 
time and energy resolution. Since the scintillation light is emitted isotropically, only a 
limited fraction travels towards the surface at which the light-detecting device is 
mounted. In order to increase the light collection, other faces of the scintillator are 
normally covered with reflective materials such as A1 foil. The scintillation light, 
which is being collected, is guided through the use of these reflectors to a photo 
detector usually a photomultiplier tube (PMT). PMTs are used due to their high gain 
and good timing properties, and convert the light photons into an electric pulse 
proportional to the intensity of the incident light and therefore the energy of the 
detected photon.
The Scintillation Detector
Lwidn#
ScintUbtm^ cryital
F igure 3.1: Scintillation detector
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An alternative to the PMT are silicon photodiodes, which do not require high voltage 
and have four times better quantum efficiency than the PMT (Mos 98, Ler 01). New 
high Z and high-density scintillators with infrared light emission will be advantageous 
for better matching with silicon photodiodes and increasing the signal-to-noise (S/N) 
ratio. The decay time and the light yield are important physical properties of the 
crystal. The first is the most important parameter to select the temporal coincidence 
window: a long decay time needs a longer coincidence timing window, and therefore 
results in a higher yield of random coincidences per unit activity. The scintillation 
photon wavelength has to match the properties of the photocathode. A greater light 
yield (number of photons per MeV) in the photoemission zone implies a more linear 
response, a better energy resolution, and a more accurate spatial resolution. This is 
particularly relevant for the new position-sensitive phototubes (PS-PMTs), which 
work by weighting the energy depositions within the crystal (Sha 00) and (Vaq 98). 
Scintillation materials (in all current commercial PET scanners, inorganic scintillators 
are used) with a high stopping power are suitable for detection of the annihilation 
radiation. The 511 keV photon would be attenuated in a short depth of scintillator and 
all of its energy is absorbed and converted to scintillation photons. It is therefore 
desirable to convert the photon energy in as short a length as possible, to maximize 
light output and reduce the volume of the scintillator required and minimizing the 
scattering in the detector, hence maximizing the spatial resolution. The important 
property of a scintillator is the light output, which determines both energy and timing 
properties of the detector (Fig. 3.2). The rise time of the light output is important for 
the detector’s timing characteristics and the decay time is important for its count rate 
properties. The important characteristics for designing a scinitllator detector include 
high detection efficiency for 511 keV photons, high scintillation efficiency for good 
energy resolution, good timing characteristics to decrease the number of random 
coincidences and high photofraction for reduction of scattered radiation.
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Figure 3.2: Timing and pulses shape of the incident gamma ray
Generally scintillation detectors are divided into classes, organic scinitllators such as 
plastics, and inorganic scinitllators such as alkalihalides. Organic scinitllators are fast, 
but yield little and have low effective Z, making them useful for timing experiments, 
where energy resolution or detection efficiency is not of prime importance. Inorganic 
scintillators are of two types. Activated scintillators such as NaLTl or Lu2Si05:Ce 
(LSO) become fluorescent through the introduction of a small amount of impurity 
dopant into the pure single host crystal. The second type is self-activated scintillators 
such as Bi4Ge3012 (BGO), where the activator atoms are a major constituent of the 
crystal. The role of the activator is to produce quantum energy levels (ground and 
excited states) within the forbidden gap. The electron and hole are transferred non- 
radiatively to the ionised dopant (activator) during migration in the crystal, creating 
their own activator-excited states. Relaxation of an electron trapped from an 
excitation level of the activation centre to the ground state results in the emission of a 
light quantum or scintillation photon. The electrons captured within these excited 
activator states emit scintillating spectra with a maximum emission intensity 
corresponding to wavelength L The efficiency of this conversion process (Mel 00) i.e. 
number of photons emitted by the scintillator can be presented as:
N ph = a  SQ 3.1
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Where a  is the number of electron-hole pairs produced in the conduction and valence 
bands respectively due to the absorption of radiation in the crystal, S is the transport 
efficiency of e-h pairs to the luminescent centre (activator ion), and Q is the quantum 
efficiency for the luminescent centre (probability of a radiative transition to the 
ground state) Inorganic scintillators have high effective Z and good light output but 
are relatively slow, they are suitable for applications where energy resolution and 
detection efficiency are important.
Bismuth germanate, Bj4  Ges O12, called BGO has ideal characteristics and at 
present the most widely used detector material in PET systems. Its high density and 
high atomic number (table 3.1), means it has the best total absorption efficiency of 
any of the crystals used (Cas 8 6 ). With its linear coefficient at 511 keV being 
0.096mm'^ the detection efficiency for the annihilation photons, is almost three times 
higher than for Nal(TI). Also it is nonhygroscopic and hence the crystals can be 
mechanically subdivided, whilst remaining robust. The main problems associated 
with BGO crystals are the relatively long scintillation decay constant (300ns) and low 
light output, which result in relatively poor timing resolution, hence limits its 
application at very high counting rates (Hof 8 6 b).
Thallium activated sodium iodide, Nal(TI), has an excellent light yield (40 per 
keV). It is not ideal for the detection of 511 keV photons because of its low stopping 
power. Another disadvantage of this crystal is the deterioration of the crystals when 
exposed to moisture, so it must be placed in an airtight container, which reduces the 
geometric efficiency of the PET system.
Caesium fluoride, CsF, is extremely hygroscopic and has low scintillation 
efficiency when compared to Na(TI), it has a fast decay time and good detection 
efficiency, therefore it is an excellent detector for tomographs designed for fast 
dynamic studies. Its timing resolution enables time-of-flight determination of the 
position of the annihilation event, improving the signal to noise ratio as counts are 
reconstructed into a smaller region in the image. The energy resolution of the CsF, is 
not as good as BGO or Na(TI) due to the lower light output.
Barium fluoride, Bap2, is the best crystal for time-of-flight PET (Lav 83). It 
has a decay constant of less than 0 . 6  ns emitted in the short-wavelength region of the 
spectrum. It has a good timing resolution comparable to the ones mentioned before.
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due to relatively high light output. BaFz is not hygroscopic and its density is similar to 
CsF resulting in better detection efficiency per length of crystal than NaI(TI).
Cerium activated gadolinium orthosilicate, Gd2 SiOgiCe (GSO), is highly 
suitable as a PET detector (Tak 83a). It has lower density compared to BGO and 
higher light output, therefore producing better timing and energy resolution than BGO. 
Gadolinium orthosilicate (Gd2Si05:Ce or GSO) has 50% higher light output than 
BGO and 5 times faster decay time, but its attenuation length is 40% longer (Tak and 
Fuk 83) This, in addition to a cleavage plane that makes fabrication difficult make 
GSO a less compelling alternative than LSO.
Cerium doped lutetium oxyorthosilicate, Lu(Si0 4 )0 :Ce (LSO), has a light 
output 75% that of Na(TI) and six times higher than BGO, it also has lower index of 
reflection, which is important for scintillation light collection. LSO is most useful 
crystal scinitllator for PET. LSO exhibits a very fast scintillation time (40 ns) and the 
rapid light decay provides significantly reduced detector dead time and thus higher 
counts rate capabilities. High count rate performance is essential in clinical PET 
imaging to use the injected activity most efficiently, and to malce the emission scan 
time as short as possible at an acceptable image quality. The improved time resolution 
of the LSO detector also allows a narrower coincidence time window and therefore a 
reduction in random (i.e. noise-contributing) coincidences and scatter. Together with 
the excellent light output relative to other high-density scintillators this makes LSO 
the fastest detector available for PET tomographs today. There are two significant 
disadvantages of LSO that decrease its usefulness for low energy SPECT imaging and 
also for low background applications. Lutetium has a naturally occurring unstable 
isotope Lu-176 that has a very long half-life (3.73E10Y).
The abundance of this isotope is approximately 2.5 percent and it decays by 
beta-negative resulting in several gamma rays in the range from approximately 1 0 0  
keV to 700 keV. In a 20 percent energy window centred at 140 keV the count rate in a 
4mm by 4mm by 10mm voxel is approximately two counts per second. This is an 
unacceptable background for a gamma camera application but will produce negligible 
coincidence rate in a PET tomograph.
The second disadvantage of LSO is that it does not have the energy resolution 
that is expected for such high light output. The resolution at 511keV is a significant 
improvement over BGO but is not as good as Nal(Tl). The energy resolution at
©E. Abuelhia 4 3
Chapter 3_________________________________________________________Positron Emission Tomosraphy
140keV is approximately 17% compared to 8  to 9 percent for Nal(Tl). This makes 
LSO less valuable for low energy detection but does not degrade its value for PET.
The recent improvement in the growth and packaging of lanthanum bromide 
(LaBrs), in addition to its superb intrinsic properties of high light output (~ 60,000 
photons per MeV), excellent energy resolution (3.2% at 662keV), and fast decay time 
(~ 25ns), make it a viable detection material for PET (Kuh 04), (Lee 05),(Sur 03). The 
only drawbacks of LaBrs are the lower stopping power and photon-fraction which 
affect both sensitivity and spatial resolution (Sur 04).
The following characteristics of scintillators are the most important for PET 
application: attenuation length, detection efficiency, photoelectric fraction, density, 
luminosity, decay time, energy resolution, emission wavelength, refractive index, 
mechanical and hydroscopic properties, radiation hardness, cost, and availability in 
the market. For high count rate applications the decay time should be as short as 
possible to permit good coincidence timing resolution so as to minimize random 
coincident events. The parameter influencing this is the number of photons emitted 
per nanosecond. The main contribution to the observed FWHM of time spread can be 
presented as (Bal 01)
where x is the decay time constant of the scintillator and Nph is the total number of 
photons emitted by the scintillator. According to this expression it is possible to 
obtain good coincidence resolution for scintillators with moderate light yield but 
shorter decay constant.
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Material BGO GSO LSO BaF CsF Nal(TI)
Density
(g/cm^)
7.13 6.71 7.41 4.89 4.61 3.67
Effective
(Z)
74 59 6 6 54 53 50
Lin.attn. coeff 
(mm-1 )
0.096 0.062 0.087 0.044 0.039 0.034
Decay time 
Constant (ns)
300 60 12/40 0.8/630 5.0 230
Relative light 
yield to 
Nal(TI)
1 2 2 0 75 5/16 5.0 1 0 0
Wave length 
at peak (nm)
480 430 420 220/310 390 410
Index of 
Reflection
2.15 1.90 1.82 1.49 1.48 1.85
Hygroscopic No No No Little Yes Yes
Table 3.1: Physical properties of scintillation materials commonly used in PET
(Valk et ah, 2003)
Table 3.1 presents the most common scintillators and their parameters, relevant for 
commercial and small animal PET applications. Further information about scintillator 
properties for PET applications can be found in (Mel 00) and (Hum 03).
3.2.2 Multlwire proportional cham bers
Multiwire proportional chambers (MWPC) were used because of their very good 
spatial resolution detection of annihilation radiation. The main principle of the 
chamber is that the gamma ray photon energy is converted to a photoelectron by a 
suitable material and the photoelectron then ionizes a gas (e.g the incoming photons 
are detected by means of BaFz crystals which emit light in the ultraviolet range; the 
light photons interact with a photosensitive gas, tetrakis-methy 1 amino-ethy 1 ene 
(TMAE) to produce photoelectrons). In MWPC, the photoelectrons are multiplied in 
the primary detection region by pre-amplification and the resulting signal is sent to a 
coincidence unit. If a coincidence with a signal from the other detector is found, the 
electrons can pass through the transfer region and the position of the ionization is 
determined. When there is no coincidence the electron shower is stopped by the gate 
system and no signal is read out. This ionization is detected by measuring the charge 
delivered along a wire chamber. The choice of the converter material is governed by
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the energy of the radiation which is to be measured, the desired spatial resolution and 
efficiency. Lead converters are added to increase the detection efficiency from a 
fraction of 1% to approximately 10% (Ott 8 8 ). They have high density (~6000kg.m-3) 
and a high probability for photoelectric interaction as well as limiting the 
photoelectric range. Proportional counters detect gamma rays whose energy is low 
enough to interact with reasonable efficiency in the counter gas. At higher photon 
energies, the direct interaction probability of the photon in the gas drops rapidly with 
increasing energy. Although MWPCs have a relatively low efficiency at 511 keV, 
they provide good spatial resolution and they can be built in sufficient large areas for 
whole body imaging with adequate sensitivity for PET by coupling to specially 
configured lead converters (Bat 84). Figure 3.3 shows a high performance 
quadHIDAC small-animal PET scanner based on gas multiwire proportional chamber.
B
Photon
0.4-mm holes Photon
Converter A 
Y-Cathode tracks 
Anode wires
X-Cathode tracks 
Converter B
Lead and 
insulation
PIhi
Figure 3.3: (A) Construction of a detector module in 3 layers: 2 converters connected by a 
MWPC. An incoming photon is converted into an electron that is amplified and accelerated 
toward the anode wires. (B) Each converter contains interleaved lead and insulation sheets, 
mechanically drilled with a dense matrix of small holes. A photon interacts with the lead, 
resulting in an electron that avalanches in a strong electrical field and accelerates toward the 
MWPC (Kla 05).
The disadvantages of MWPC in PET are based on the poor energy resolution and 
detection efficiency. The spatial resolution of the system is primarily determined by 
the photo-cathode hole size and spacing and the pitch of the wires and can be as high 
as 2mm. However, at this resolution, positron range and non-colinearity become 
significant and the parallax error due to obliquely incident photons becomes important. 
Recently crystal scintillators with photosensitive wire chambers have been developed 
as a hybrid system (Ott 90), in order to improve the sensitivity of the MWPC for
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annihilation radiation detection whilst maintaining its high intrinsic spatial resolution. 
The scintillation light emitted causes ionization in the low pressure gas vapour and is 
then detected by the wire chamber. These detector systems have utilized Bap2 as the 
crystal scintillator. Good timing and spatial resolution have been achieved with this 
system and the sensitivity has been shown to be comparable to that achieved with 
BGO crystals (Ott 90).
3.2.3 Scintillation photodiode detectors
The use of photodiodes (PDs) coupled to scintillators for determining the crystal of 
interaction is a method that doesn’t require the scintillation light to be shared by a 
number of PMTs in order to estimate the position event. The advantage of using 
photodiodes is that they are small in comparison to PMTs, allowing thin, closely 
packed crystals to be used in the detector assembly. Many types of photodiodes have 
been used (e.g silicon PDs) but they have shown very low photoelectron current yield 
(pre-amplification is required) and due to dark current and thermal noise, the detector 
unit requires cooling (Der 84). The recent generation of silicon PDs, consisting of an 
array of small BGO crystals coupled on one end to a single PMT and on the opposite 
end to an array of small silicon photodiodes (Mos 93), shows a high reduction in the 
dark current. Hence detectors can be operated at room temperature.
The use of avalanche photodiodes (APDs) is an alternative, because scintillation 
events can be increased through avalanche processes that occur in a semiconductor at 
high-applied voltage. Due to a high electric field the carrier will gain enough Idnetic 
energy to produce secondary carriers by ionizing bound carriers, thus an avalanche is 
produced (Sti 77).
3.2.4 Block detectors
The most commonly used PET detector module is known as a block detector, a 
schematic of which is shown in Figure 3.4. A block of BGO scintillator crystal is 
partially sawn through to make a group of quasi-independent crystals that are 
optically coupled to four photomultiplier tubes (Fig. 3.5). When a gamma ray 
interacts in the crystal, the resulting scintillation photons are emitted isotropically but 
the saw cuts limit (but do not entirely prevent) their lateral dispersion as they travel 
toward the photomultiplier tubes. The position (i.e. crystal element) of the gamma ray 
interaction is then determined by the analogue ratio of the photomultiplier tube output 
signals, and the gamma ray energy is determined and a timing pulse generated by the 
sum of these four signals. A typical PET detector module has 80% detection
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efficiency, 20% FWHM energy resolution, 2 ns FWHM timing resolution, 4 ps dead 
time, and 5 mm FWHM position resolution for 511 keV gammas (Mos 94). The 
spatial resolution of a PET system depends on the physical size of a given scintillator 
or its composite segments. The greater the stopping power of the detector, the higher 
the probability of absorbing the full energy of the photon in a small volume and the 
higher localization ability of the detector and the positioning electronics. The standard 
radiation detectors used in positron cameras at the moment are made of bismuth 
germanate or BGO. Although BGO has a high stopping power for 511 keV and a 
number of other favourable properties, the light yield is rather low (10-15% of the 
yield of Nal). This negatively affects the energy resolution. If the time difference 
between arrivals of the two gamma-quanta could be measured with extremely fast 
detectors and electronics, the place of annihilation could be established within a few 
millimeters. This is the so-called time-of-flight (TOF) measurement. The state of the 
art positron camera is a complex radiation detection technology product. The basic 
detector in a modem PET camera is a BGO detector block divided in 8 x8  subdetectors 
read out by 4 photomultiplier tubes (PMT). By adding and subtracting the individual 
signals of the PMT’s the scintillating subdetector in the BGO block can be identified. 
The detector blocks form a ring and 4 of these rings can be added to get an axial field 
of view of approximately 15-16 cm. In this way, up to 63 planes are imaged 
simultaneously with a spatial resolution of 4-5 mm. The septa between the adjacent 
subdetector rings can also be retracted creating a much higher sensitivity in this 3-D 
mode at the cost of a larger scatter fraction. For small animal research, specially 
designed PET cameras with a spatial resolution of 2 mm ate commercially available 
today.
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Figure 3.4: A block of BGO scintillator crystal is partially sawn through to make a 
group of quasi-independent crystals that are optically coupled to four 
photomultiplier tubes.
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Multiple photomultiplier tubes detect scintillation light from gamma ray interactions. 
The interaction position is determined by the ratio o f the analog signals, and the 
energy by the analog sum o f the signals (Anger logic),(Mankoff et al 1989).
Figure 3.5: Conventional PET Detector Module
PET imaging has benefited from recent developments in scintillator materials and 
pixellated photodetectors, which have enabled a number of detector module designs 
that are capable of measuring depth of interaction. By measuring depth of interaction,
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PET camera malcers can maintain high spatial resolution with smaller detector ring 
diameters, simultaneously reducing cost and increasing performance. Recent years 
have also seen the emergence of special purpose PET cameras, notably for imaging 
breast cancer or small animals, as well as cameras that also have the ability to obtain 
SPECT or X-Ray CT images { http://www.radiology.ucsf.edu/research/05Dual-M odality_Imaging).
3.3 Performance of Current Generation PET Scanners
3.3.1 Spatial resolution
Spatial resolution refers to the unsharpness or detail of the image, or to the ability of 
the imaging system to provide such sharpness or detail. It is usually characterised by 
measuring the width of the profile obtained when an object much smaller than the 
anticipated resolution of the system is imaged. Common methods to measure the 
spatial resolution in emission tomography are to image a point source (giving a point 
spread function PSF), or, more usually, a line source (line spread function LSF) of 
radioactivity. The resolution expressed as the full width at half maximum (FWHM) of 
the spread function profile. A Gaussian function is often used as an approximation to 
the spread function. The Gaussian function is related to the spread function by:
FWHM = (8 log, 2)^0- 3.5
where a  is the standard deviation of the Gaussian function. Spatial resolution in PET 
is affected by a number of factors: non-zero positron range, distance between 
detectors, width of detectors, stopping power of the scintillation detector and the 
depth of interaction of the photon in the detector. In PET, the resolution is specified 
separately in transaxial and axial directions. Transaxial resolution is often subdivided 
into radial (FW HM r) and tangential (FW H M t) components for measurements not on 
the central axis of the camera, as these vary in a ring detector due to the differential 
detector penetration at different locations in the x-y plane.
3.3.2 Energy resolution
Energy resolution is the ability of the system to precisely measure the energy of the 
incident photons. A pure source of photons of 511 keV in the ideal system would 
demonstrate a well-defined peak equivalent to 511 keV. In PET, BGO has low light 
yield (12% output per keV of Nal(Tl)), this introduces uncertainty in determining the 
exact energy deposited. There are descriptions of energy resolution in a coincident 
detection system; single event energy resolution and two events (coincidence) energy 
resolution.
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Energy resolution can be measured by stepping a narrow energy window in small 
increments over the energy range of interest while the source is irradiating the 
detectors. The count rate in each narrow window is then plotted to give the full 
spectrum. For coincidence events the measurement is to step a small window for 
coincidence events over the energy range. However, this is difficult in practice. The 
narrow coincidence window approach shows the spectrum when both events fall 
within the narrow band. A method was used here (Dal 96) to measure the energy 
resolution by setting one window of coincidence pairs to accept a wide range of 
energy, while the other coincidence channel is narrow and stepped in small 
increments.
3.3.3 Count rate performance
The count rate performance of different PET systems or of the same scanner operating 
under different conditions is usually different from system to other. Because of the 
different physical components in the measured data (e.g., scatter, randoms). These 
effects output a comparison which can take into account these differences. The noise 
equivalent count rate (NEC) method proposed by (Str 90) provides a means for 
making meaningful intercomparisons that incorporate these effects. The NEC is the 
count that would have resulted in the same signal-to-noise ratio in the data in the 
absence of scatter and randoms. It is always less than the observed count rate. An 
earlier suggestion for the use of such a figure of merit in PET was made by Derenzo 
in 1980, who defined an effective image event rate, Q to be:
Q = Di ( di/dx ); dx = di + ds + dA 3.6
where d%, ds and dA are the count rates per cm from the centre of a uniform cylinder 
containing radioactivity for the unscattered, scattered, and accidental (random) 
coincidences respectively, Di is the total unscattered coincidence rate and ( di/dx ) is 
the contrast.
3.3.4 Noise Equivalent Count Rate
The count rate measurements do not directly indicate image signal-to-noise in the 
presence of relatively changing trues, randoms and scatter rates. A more accurate 
reflection of useful counts than the true or total event rates is given by the concept of 
the noise equivalent count (NECR) rate, which accounts for the deleterious effect of 
randoms and scattered events on image quality, Strother 1990:
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NECR R. 3.7
or NECR =
■ total
T  Y
S + T 3.8
where J is the random event field fraction (the ratio of the source diameter to the 
tomograph’s transaxial field-of-view), Rg is the single rate, Rr, is the random 
coincidence event rate, Ttotai is the observed count rate (including scattered events), 
and T and S are the unscattered and scattered event rates respectively. The factor 2 in 
the denominator is there because the random events are being corrected by direct 
measurement and subtraction from the prompt event rate.
3.3.5 Scatter Fraction
Generally, scatter qualitatively decreases image contrast by misplacing events during 
reconstruction, and quantitatively causes errors in the reconstructed radioactivity 
concentrations by overestimating the actual activity. The scatter fraction, SF, can be 
defined as the ratio of scattered to total (trues + scatter) events at a sufficiently low 
count rate that randoms are negligible, which gives the rate of detection of scattered 
events, Rs
 ^ SF ^R.  = R . 1 - S F 3.9
3.4 Attenuation in PET
The total probability that a photon of a particular energy will undergo some Idnd of 
interaction with matter when travelling unit distance through a particular substance is 
the photon linear attenuation coefficient (p) of that material. If Iq is the initial intensity 
of a parallel beam of monoenergetic photons, then the intensity I(x) at a distance x 
through some attenuating object will be given by (Eva 95):
- j p ( x ) d x
3.10
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Figure 3.6: Coincidence of a point source in an object of thickness L.
In PET the gamma rays can be scattered and absorbed by tissue so that the depth of a 
source within matter and its electron density affects the number of photons detected. 
Therefore, attenuation correction has to be performed on data sets for accurate 
determination of activity and so for the local tracer concentration within the sample. 
In Fig. 3.6 if the photons detected at ‘A’ from the source in absence of tissue is No 
then the number reaching the detector in the presence of tissue of thickness ‘Z’ is:
= -V (,e  °
The number of photons reaching the detector B is:
3.11
-  ^p{x)dx
3.12
The probability of the photons to be detected by detectors ‘A’ and ‘B’ without being 
attenuated is:
z  L -Z
-^p{x)dx -  ^p{x)dx
a n d N g l N o = e  ° 3.13
Since the coincidence rate is the product of probabilities then the probability of 
coincidence detection in the presence of attenuation is:
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z L ^Z  t,
- ^ p { x )d x  -  ^ p{x)dx  ~ ^ fl{x )dx
P  = e ° X e  ° — e  ^ 3.14
So the quantity (1 -P), which is the attenuation factor of the photons travelling along 
the LOR from the point source, is the same for any position along the line of response. 
Therefore, attenuation is independent of the position of the source and only dependent 
on the function p(x). By measuring the coincidence signal as a positron-emitting 
source is moved around the object within the FOV, it is possible to obtain attenuation 
factors for each LOR. In principle, this enables quantitative measurements of isotope 
concentration distiibution to be made.
3.5 Clinical applications of PET
With the availability of radiopharmaceuticals routinely produced in PET Centres, 
various relevant clinical parameters can be assessed including glucose metabolism, 
hypoxia, blood flow and neuroreceptor mapping. These are explained below.
Since its development 2-deoxy-2-[^^F]fluoro-D-glucose (^^FDG) has become the most 
widely used radiopharmaceutical in the PET clinic. ^^FDG uptalce in biological tissue 
reflects glucose metabolism and could be used as a marker of cell dysfunction. To 
date, the clinical usage of ^^FDG in PET has been concentrated in the following areas: 
Oncology:
PET can detect cancers in their early stages. Since a PET scan images the metabolic 
activity of the body’s tissues, it can often show tumour pathology before anatomical 
or structural changes. It can characterise various tumours and enable the effects of 
therapy to be monitored. In particular, PET is now being applied to the functional 
evaluation of colorectal, lung, head and neck, and intracranial neoplasm. The 
application of PET to the study of tumours includes the quantification of tumour 
perfusion, the evaluation of tumour metabolism, and tracing of radiolabelled 
cytostatic agents. A correlation has been found between glucose accumulation by 
tumour and the degree of malignancy. PET can be used in oncology for staging of the 
disease, checking for recurrence and assessing the effectiveness of chemotherapy 
(Hus 02).
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Cardiology:
In clinical cardiology FDG-PET can identify so-called "hibernating myocardium", but 
its expensive for the same study compaied to SPECT. It is used to identify patients 
likely to benefit from myocardial revascularisation. Ischaemic myocardium maintains 
its viability by increasing glycolytic flux rate, resulting in an ^^FDG tissue 
accumulation. Hypoxic tissue visualisation using a nitroimidazole derivative, ^^ F- 
Fluoromisonidazole (^^FMISO), is a relatively new tracer able to selectively identify 
viable hypoxic tissue by metabolic trapping in viable cells with reduced oxygen (McQ 
05) and (Cas 03).
Neurology:
PET neuroimaging is based on an assumption that areas of high radioactivity 
concentration aie associated with brain activity. What is actually measured indirectly 
is the flow of blood to different parts of the brain, which is generally believed to be 
correlated, and usually measured using the tracer oxygen (^ 0^ 2 ). For example, it is 
used to identify tissues likely to represent the ischaemic penumbra in patients after 
acute ischaemic stroke. These findings may have important implications for the 
therapeutic window after stroke; oxygen metabolism and blood flow. The function of 
the cerebral tissue depends critically on the use of oxygen and impairment in its rate 
of consumption often constitutes a pathological condition. The PET method 
represents a potentially valuable tool for the estimation of physiological parameters 
such as oxygen metabolic rate and cerebral blood flow. In addition, the short half-life 
of (t^= 2 . 1 min) allows for rapid sequential studies of cerebral blood flow using 
H2 ^ ^ 0  (PET activation studies).
Neuroscience:
PET is used in neuroscience to advance in the quantification of brain function such as 
lexical decision maldng, visual processing, parietal lobe function and working 
memory processing. In addition, PET studies using radiotracers such as ^^N-ammonia 
allow for qualitative and quantitative regional coronary blood flow evaluation in 
coronary artery disease. Receptor mapping of several neurological and psychiatric 
diseases have been related to neurotransmitter and receptor disorders. Through PET 
studies, it is possible to relate changes in neurotransmitter function to clinical features.
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Pharmacology:
In pre-clinical trials, it is possible to radio-label a new drug and inject it into animals. 
PET imaging noninvasively determines the nature of a drug’s interactions with a 
living organism, including its distribution pattern, general mode of action, and impact 
on functional end points primarily related to physiological processes. The processes 
that PET can quantify include glycolysis, protein synthesis, oxygen utilization, cell 
proliferation, oxidative metabolism, dopamine metabolism, and tissue perfusion 
(blood flow). Studying these processes helps to diagnose diseases, track disease 
progression, and assess subsequent drug therapies.
3.6 Summary
3.6.1 Technical Limitations of Current PET Scanners
The limitations of PET scanners include the partial volume effect that producing false 
results in small lesions and limiting the spatial resolution [FWHM] to approximately 5 
mm. The reconstructed FWHM image resolution in PET can be described by an 
empirical formula proposed by (Mos 93).
FWHM  =  a 4 [ (d  I 2 Ÿ + b ^ + r ' ^  + (0.0022D)' ) 3.15
where d is the detector size, b the position decoding accuracy, r the positron range and 
D the detector distance, used here to describe the annihilation photon noncollinearity 
(0.5D tan 0.25 = 0.0022D). The factor 1.1 < a < 1.3 depends on the algorithm used to 
reconstruct the image and typically takes a value of a=1 . 2  when using filtered back 
projection reconstruction with a ramp filter. The first two terms under the square root 
form what is referred to as the intrinsic detector resolution, consisting of the 
geometric and decoding resolution factors. The intrinsic resolution is commonly 
measured by moving a thin annihilation line source between opposite coincident 
detectors separated by a short distance, while the decoding resolution can be 
estimated from the histogram obtained by directly irradiating the detector array. The 
positron range in tissue has an “ inverse cusp” like distribution consisting of a naiTow 
spike and long exponential tails. Whereas the actual FWHM is very small (Lev 99) 
the effective FWHM talcing into account the broadening due to the entire range
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distribution r=2.35RMS provides a more realistic estimate of the image blurring 
resulting from positron range.
From the previous discussion on detectors, PET scanners can be divided into three 
different categories, depending on the type of coupling between scintillators and 
photodetectors and on the positioning algorithm used to identify the crystal of 
interaction:
The first category, block detectors, uses light-sharing and Anger-like logic to 
decode the crystal of interaction. The positioning accuracy is calculated as the 
quadratic difference between the measured intrinsic resolution and the geometric 
resolution [the positioning decoding accuracy, b ~2 mm on the average]. The second 
category uses a direct coupling of crystals to the photodetectors and attempts to avoid 
as much as possible the spread of scintillation light between crystals. Position 
decoding is performed using a charge division readout scheme of the signals from 
position-sensitive or multiple-anode PMTs. The decoding resolution is consistently 
estimated to be, b ~1 mm. The third category uses true “ pixel”  detectors (crystals 
individually coupled to photodetectors and independent electronic signal processing 
channels) and achieves an intrinsic resolution that is exactly equal to the geometric 
resolution (b ~ 0  mm).
All types of decoding schemes are associated with some inherent loss of 
positioning accuracy. The positioning accuracy can be improved by limiting the light 
exchange between individual crystals, but charge spread within the multiplying 
structure of the PMT and the readout circuit still adds some uncertainty in crystal 
identification. Other limitations are involuntary patient motion while PET scanning is 
taking place or in between PET and CT scans when hybrid PET/CT systems are in 
use, and respiratory and cardiac motions which produce bluning of small lesions.
3.6.2 Improving Performance of current PET Scanners
Major areas for improvement of performance of PET scanners are: better resolution 
and quantisation of small lesions by applying recovery coefficients derived from CT 
images to correct partial volume effect, monitoring and correcting involuntary patient 
motion, compensating respiratory and cardiac motion by gating the registration of 
radioactivity. Also improvements can be effected reducing PET scanner time and 
increasing energy resolution by using new scintillator crystals with higher scintillation
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light output (e.g. LaBrg) and shorter scintillation decay time than those of BGO. New 
scintillation crystals with better properties in new PET scanners are lutetium 
oxyorthosilicate (LSO) and gadolinium oxyorthosilicate (GSO) at present. LSO 
crystals can reduce whole body scan times from 30 to 40 minutes to 20 minutes. 
Finally, fused PET/CT imaging is expected to play a significant role in imaging other 
metabolic and cellular processes at the molecular and genetic level (Bey 99). This 
extended application would require positron emitters of much shorter half-life than 
that of ^^ F and consequently, the installation of radiochemistry laboratories and low- 
to-medium cyclotrons in medical facilities with PET scanner.
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Chapter 4
Characterization of semiconductor detectors supported by Monte Carlo 
simulation to measure and image three photon positron annihilation
4.1 Introduction
In this chapter the overview of theoretical background of semiconductor detectors and 
their major parameters for good performance ai’e discussed. Significant progress in the 
technology of semiconductor detectors operating at room temperature, in particular 
Cadmium-Zinc-Telluride (CZT), has made their application in positron emission 
tomography (PET) possible. The main advantages of a semiconductor-based scanner 
using these detectors would be a more compact design (no need for photomultipliers 
nor cooling devices), potentially better spatial resolution with three-dimensional 
position sensitive detector arrays (depth of interaction determined more precisely, 
smaller parallax error), and reduced image noise due to much higher energy resolution 
and more effective scatter rejection. Experimental works supported by Monte Carlo 
simulation are presented. The main objective of this part of the thesis is, to 
characterize these detectors for functional response parameters: counting efficiency, 
energy resolution, pealc-to-total, peak-to-Compton etc, which are critically required to 
measure and image three photon positron annihilation accurately. The combination of 
high-energy resolution and efficiency can not be found in the present available PET 
detectors. With high-energy resolution detectors, the entirely neglected three-photon 
positron annihilation events can be detected and incorporated as a new PET imaging 
modality together with conventional two-photon positron annihilation PET. The 
physical processes of photon interactions with semiconductor materials are discussed.
4.2 interaction of Photons with Matter
Photons can interact with matter by a number of physical processes: photoelectric 
absorption, Compton scattering, Rayleight scattering and pair production. Which of 
these processes is dominant depends on the energy of photons and on the atomic 
number of the absorber. The interaction results in the full or partial transfer of the 
energy (photoelectric absorption) of the incident radiation to electron or nuclei of the 
constituent atoms, or to charged particle products of nuclear reactions. If the 
interaction does not occur within the detector, the uncharged radiation (eg. neutron or 
gamma rays (y,n)) can pass completely through the detector volume without revealing 
the slightest hint that they were ever there. Charged particles, which carry electric
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charge, continuously interact through the Coulomb force with the electrons present in 
any medium through which they pass. The uncharged particles undergo interaction 
often involving the nucleus of constituent atoms, which radically alters the properties 
of incident radiation in a single encounter. Positrons differ significantly, however, the 
annihilation radiation is generated at the end of the positron track. Because S llkeV  
photons are very penetrating compared with the positron, they can lead to the 
deposition of energy far from the original positron track.
4.2.1 Photon Interactions in Human tissue and Correction for 
Gamma-ray Attenuation 
Although a large number of possible interaction mechanisms are known for gamma 
rays in matter, only three major types play an important role in radiation 
measurements: photoelectric absorption, Compton scattering, and pair production. All 
these processes lead to partial or complete transfer of gamma-ray photon energy to 
electron energy. The most important interactions which photons resulting from the 
positron annihilation undergo in human tissue are Compton scatter and photoelectric 
absorption.
4.2.1.1 Photoelectric Absorption
The photoelectric effect dominates in human tissue at energies less than 
approximately lOOkeV. It is of particular significance for x-ray imaging, and for 
imaging with low-energy radionuclides. It has less impact at the energy of 
annihilation radiation (5IIkeV), but with the development of combined PET/CT 
systems, where the CT system is used for attenuation correction of the PET data, 
knowledge of the physics of interaction via the photoelectric effect is extremely 
important when adjusting the attenuation factors from the x-ray to the values 
appropriate for 51 IkeV radiation. In the photoelectric process, absorption occurs by 
interaction between the photon and an inner-shell bound electron in the absorbing 
material. It is characterised by a photon giving all of its energy to an electron thus 
ionising the atom in a single interaction. Photoelectric absorption process occurs when 
a photon has energy greater than the binding energy of an electron. Therefore:
E e = E  ^ -  E  ^ 4.1
where Ee is the electron energy, Ey = hv is the incident photon energy, as a result, the 
atom is left with an electron vacancy, resulting in the emission of x-rays or Auger 
electron. The predominant mode of interaction for low energy (O.lMeV) gamma rays
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or X-rays in all media, and the 511keV photons in high Z absorbers is the 
photoelectric process. There is no single analytical expression for the probability of 
photoelectric absorption per atom over all ranges of E and Z but a rough empirical 
formula [Eva 55], which approximates the cross section, is:
4.2
where <r^  is the photoelectric cross-section, Z is the atomic number of the absorber,
the exponent n varies between 4 and 5 over the energy region of interest, and K is a 
constant. The probability of photoelectric absorption is strongly dependent on the 
atomic number of the absorber. This is the prime reason that the detector material is 
preferred to have a high effective atomic number. The high Z maximises the 
probability of the first interaction being photoelectric. For the same reason high Z 
materials such as lead are used for collimators or gamma ray shields.
4.2.1.2 Compton Scattering
Compton scattering is the interaction between a photon and a loosely bound orbital 
electron. The electron is so loosely connected to the atom that it can be considered to 
be essentially free. This effect dominates in human tissue at energies above 100 keV 
and less than approximately 2.0 MeV.
Compton scattering e^coii
. ^  Target
electron
I  at reet
photon
E hV: h
Ay — A, = AA = ( I —COS0)
Figure 4.1: Compton scattering 
Conservation of energy takes the form:
/zv, +  =  hVf +
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Conservation of momentum requires:
Pt = P f + P, 4.4
In Compton scattering process, the photon transfer a portion of its energy to the 
electron. Due to energy and momentum conservation the scattered energy (E^ y) is 
given by:
4 =  r   4.51 + — ^(l-cos(^ ))
(Eva 95).
where as before mo is the electron rest mass and c is the speed of light, whilst 0  is the 
scattering angle of the photon with respect to its original direction. Compton 
scattering is the most probable interaction at energies between O.lMeV and 5MeV, 
where the probability of the photoelectric effect declines with increasing photon 
energy. Compton-electron-energy spectrum will extend from zero energy (0 = 0°) up 
to maximum energy ( 0  = 180°), which is somewhat less than the energy of the 
incident photon. From consideration of the Compton equation it can be seen that the 
maximum energy loss occurs when the scattering angle is 180°, i.e., the photon is 
back scattered. The energy of the scattered electron Eg is give
E ^ = E - E '  4.6
From equation 4.5, this gives:
E = E - Y
1 + — ^  (l -  COS 6  )
4.7
From the above equation, two extreme cases of scattering photon can be identified. 
Firstly, when (0 ~ 0°) and E = E and minimal photon energy loss is expected. This 
limiting case is not useful for detection as it produces recoiling electrons with 
negligible energy. Secondly, backscattered events when (0 ~ 180°). Therefore, 
maximum photon energy loss is expected and the electron travels along the direction 
of the incidence. In this case the scattered photon energy can be given by:
EE' =
1 2 E
4.8
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and the recoil electron energy Eg is given by:
E = E
I E
m e
1 + I Em„c
4.9
which represent the maximum electron recoil energy. Compton scattering in a 
scintillation detector will result in an energy spectrum of a complex form where 
Compton edge corresponds to the backscattered events (0 = 180°). Compton 
scattering is not equally probable at all energies or angles. The probability of 
scattering is given by the Klein-Nishina equation:
—  = Z r /I  !--------dO. 1 l + o r ( l - c o s 0 )
1 + cos^ 6^ 1 + a ^ ( l - c o s d  y 4.10
(1 + cos ^  0 ) (1  + a{l -  cos O]) 
where da/dQ is the differential scattering cross-section, Z is the atomic number of the
scattering material, ro is the classical electron radius, and a  = — — . For positron
annihilation radiation (where a= l) in tissue, the equation can be reduced for first- 
order scattered events to give the relative probability of the scatter as:
d(j _ (  1 ^
dQ. i 2 -COS0
2 /
1 + (i-cosoy(2 -C O S 0  )(1 -I- cos 6 4.11
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Figure 4.2: Reproduced from  (Peter E Valk, Dale L Bailey, David W Townsend 
and Michael N Maisey. Positron emission tomography basic science and clinincal 
oractice. 2003).
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Figure 4.2 shows the form that this function takes in the range 0-180°. A number of 
Monte Carlo computer simulation studies of the interaction of annihilation radiation 
with tissue-equivalent material in PET have shown that the vast majority (80%) of 
scattered events that are detected have only undergone a single scattering interaction.
The importance of the energy resolution of a detector and of the optimum 
integration limit to imaging, has been suggested by (Sanders and Spyrou 1982) that 
not only should a baseline energy setting be quoted in quantitative work but that it 
should be expressed in terms of the Compton scattering angle below which events are 
accepted in the window. Therefore, only photons which have undergone relatively 
large angle scattering are being discarded.
4.2.1.3 Rayleigh Scattering
In Rayleigh scattering (coherent) the incident photon interacts with and excites 
the total atom as opposed to individual electrons. The interaction occurs mainly with 
very low energy diagnostic x-ray, as used in mammography (15 to 30 keV). Less than 
5% of the interactions in soft tissue above 70keV; at most only 12% at -30 keV.
The relative magnitudes of coherent and incoherent scattering as a function of 
detector resolution have been calculated (Bri 72). The ratio between the scatter counts 
due to Compton scattering and the scatter counts due to Rayleigh scattering as:
4.12Gcoh
Where Omcoh and Ocoh are the Compton and Rayleigh scattering probabilities 
respectively and r/ is a reduction factor by which the Compton scattering component 
is reduced when the baseline setting is selected on the spectrum. The total scattering 
probabilities is the summation of the probabilities of coherent and incoherent 
scattering and can be written as:
<^ ,=<^ ceH+<^ U,coH 4.13
In large-angle Compton scattering discrimination, the reduction factor is affected by 
the geometry, the detected photons cannot undergo incoherent scattering whereas the 
entire volume of distribution can give rise to coherent scattering. Table 4.1 shows 
calculated values for the reduction factor, the ratio of incoherently scattered events to 
coherently scattered counts r, and the ratio of the total to coherently scattered events, 
at three detector resolutions 1, 3 and lOkeV (Kou 82).
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Energy
of
incident
photon
(keV)
Detector resolution (keV)
coh
rf
(10-3)
G,
G coh
10
G.
G coh
No window
G,
G coh
30 300 2.4 3.4 990 7.9 8.9 1.0
50 72 1.4 2.4 350 6.7 7.7 1.0 19.2 20 19 20
100 6.6 0.39 1.39 51 3.0 4.0 0.32 18.9 19.9 59 60
140 2.0 0.19 1.19 16 1.5 2.5 0.14 13 14 96 97
200 0.54 .096 1.10 4.6 .82 1.8 .045 178 179
300 0.12 .037 1.04 1.1 .34 1.34 .011 3.4 4.4 310 311
400 0.04 .020 1.02 0.39 .20 1.2 .004 2.1 3.1 500 501
Table 4.1: The effect of energy resolution on the Compton scattering reduction factor 
(r/j, the ratio of accepted incoherent/coherent scattering events (r) and the ratio of the 
total/coherent scattering cross-section (Ot/Ocoh) as a function of incident photon energy. 
(Reproduced from Kours, Spyrou and Jackson. Imaging with ionizing radiation, 1982).
4.2.1.4 Pair production
Pair production occurs, if the incident photon has energy in excess of the rest of the 
mass of a positron-electron pair (1.022 MeV.). In this process a photon is completely 
absorbed and its energy converted to a positron-electron pair. The process occurs in 
the presence of the coulomb field of a nucleus, the gamma ray disappears and a 
positron electron pair is created; their kinetic energy will be equal to the total energy 
of the gamma ray minus the rest energy of the two particles (2moC )^. The positron 
gradually losses its kinetic energy by collisions and at the end of its path annihilates 
with an atomic electron, producing two photons, each of energy equal to the electron 
rest energy, typically 0.511 MeV. The pair production cross-section is proportional to 
7}  per atom and increases rapidly with hv greater than 2moC^  .The total probability for 
detection of gamma rays, expressed as the total linear attenuation coefficient (less the 
coherent contribution). Will then be given by the total linear attenuation coefficient:
^ p h o to n  f^compton ^ p a i r  4.14
4.3 Radiation Detection System s
The radiation detectors are developed upon the basis of the interaction of ionising 
radiation with matter. The inherent idea in these detectors is to measure the total 
energy lost or deposited by radiation upon passage through the detector. The radiation
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detectors convert the deposited energy into a measurable electrical signal or charge. 
The integral of this signal is then proportional to the total energy deposited in the 
detector by the radiation. There are two main types of material used in gamma-ray 
detection; scintillation and semiconductor materials. Scintillation materials able to 
convert energy lost by ionising radiation into pulses of light. The light output is 
essentially proportional to the energy deposited within a crystal NaI(Tl). The choice 
of detector largely depends on the type of the study being undertaken whether a high 
resolution or efficiency is required. Scintillation detectors have high efficiency while 
semiconductor detectors have high-energy resolution.
4.3.1 Detector characteristics
Detectors are normally characterized in terms of their energy resolution, efficiency, 
detection limits, sensitivity and precision. Background radiation, detector geometry, 
shielding and attenuation are also considered.
4.3.2 Germanium detectors
Germanium detectors are semiconductor diodes having a p-i-n structure with the 
intrinsic region (I) sensitive to ionizing radiation, particularly x-rays and gamma-ray s. 
Under reverse biased, an electric field extends across the intrinsic (depleted) region. 
As photons interact with the material within the depleted volume of the detector, 
charge carriers are produced and swept by the electric field. The charge is 
proportional to the energy deposited in the detector by the ionizing photon and is 
converted into a voltage pulse by an integral charge sensitive preamplifier. Because 
germanium has relatively low band-gap, the detector must be cooled in order to 
reduce the thermal generation of charge carriers (thus reverse leakage current) to an 
acceptable level. Otherwise, leakage current induced noise will destroy the energy 
resolution of the detector. Liquid nitrogen, which has a temperature of 77°K is the 
common cooling medium. The detector is mounted in a vacuum chamber which is 
attached to or inserted into an liquid nitrogen dewar or an electrically powered cooler. 
The sensitive detector surfaces are thus protected from moisture and condensable 
contaminants. High-purity germanium (HPOe) detectors have always been attractive 
for imaging because of their good energy resolution and high absolute efficiency for 
high-energy photons greater than 100 keV. Recently, significant advances have been 
made in the area of HPGe crystal material (San 03, 04), HPGe detector processing 
technology, high-speed electronics and software algorithms. These technology
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processes allow further exploitation of the unique signal generation properties of large 
volume HPGe detectors and, thus, are re-introducing HPGe detectors into the realm of 
imaging in a very new and exciting way.
4.3.2.1 High-purity germanium detector (HPGe)
High-purity germanium detectors HPGe are made from germanium of such high 
purity that the need to compensate for impurities by lithium drifting is eliminated. 
They have impurity levels as low as 10  ^atoms/cm^ compared with atoms/cm^ for 
normal semiconductors. HPGe detectors become dominant over other detectors for 
low gamma spectroscopy due to their inherently good resolution and linearity. The 
structure of HPGe detectors are shown in figures (4.3 and 4.4). The crystal type is n- 
type, if the remaining impurities are donor and p-type if they are acceptor.
'\A A A T
p+ contact
Holes Electrons
G e disk
Figure 4.3: Configuration of a planar HPGe detector. The Ge 
semiconductor may be n-type (p"^  contact is rectifying), p-type (n^ 
contact is rectifying), or lithium drifted.
p+ contact
contact
contact,
p- type Ge
Electrons
p-type coaxial
n- type Ge
Holes
electrons
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n+ contact
Figure 4.4: HPGe (p and n type) Cross-sections perpendicular 
to the cylindrical axis of the crystal
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A great advance was made when IEEE defined how a germanium detector should be 
characterised which was specified in the IEEE-184 standard. This stipulates both what 
parameters should be measured and how to be measured. These specifications for 
detector efficiency, peak-to-Compton ratio and resolution give a good indication of 
the utility and quality of the detector.
4.3.2.2 Detector resolution
The energy resolution is the response function of the detector; a reflection of the large 
amount of fluctuations due to operating characteristics, random noise and 
instrumentation, which record variations from one pulse to another, although the same 
amount of energy is deposited into detector for each event. Energy resolution 
determines the ability of the system to discriminate between valid, unscattered 
photons and those that have lost their spatial information through scattering within the 
body or the detector itself. In PET this is determined by the light output characteristics 
of the scintillator. The light output of the BGO used in PET is much poorer 
(approximately 20%) for 511keV photon on a current generation scanner (Cho 93). 
Detector resolution is defined in energy terms by the full width at half maximum 
(FWHM) or as a percentage by:
«  = 4.15H  „
where Ho is the peak centroid location. Ho = KN, where K is a proportionality 
constant and N is the number of charge carriers created. The standard deviation a  of 
the peak in the pulse height spectrum is then a  = KyfN  and the
FWHM = 235K^J1^ then the resolution due to statistical fluctuations in the number 
of charged carriers as :
FWHM N= — ^  = 2.351^^— = 2.35V VV 4.16
Measurement of the resolution of some detectors have shown that the achievable 
value for the resolution can be lower by factor as large as 3 or 4 than the minimum 
predicted by the statistical arguments above. These results would indicate that the 
processes that give rise to the formation of each individual charge carrier are not 
independent, and therefore the total number of charge carriers cannot be described by 
simple Poisson statistics. The Fano factor F has been introduced in an attempt to
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quantify the departure of the observed statistical fluctuations in the number of charge 
carriers from pure Poisson statistics and is defined as:
Observed variance in N . . .F =  :---------------  4.14
Poisson predicted variance in N
Then = 2 3 5 k 4 n ^  = 2 . 3 5 ^
Imperfect FWHM can occur due to drift of the operating characteristics of the 
detectors during the course of measurements, sources of random noise within the 
detector and instrumentation system, and statistical noise arising from the discrete 
nature of the measured signal itself. The overall energy resolution can be defined as: 
O vera ll{m H M f = \,{F W H M )\ +[{FWHMf'\^ 4.18
where: S = statistical effect (the dominant effect), N = noise, D = drift.
4.3.2.S Detector efficiency
Detection efficiency refers to the efficiency with which a radiation-measuring 
instrument converts emissions from a radiation source into signals from the detector. 
In general, it is desirable to have as large a detection efficiency as possible, so that 
maximum counting rate can be obtained for minimum activity. The detector 
efficiency is affected by, absorption and scattering of radiation within the source itself 
or the medium, geometric efficiency (the efficiency with which the detector intercepts 
the emitted radiation from the source), intrinsic efficiency (the efficiency with which 
the detector absorbs incident radiation), and the absolute efficiency.
4.3.2.3.1 Absolute full energy photopeak efficiency
The absolute full energy photopealc efficiency is defined as:
=-^xlOO% 4.19
where Ct is the number of counts in full energy photopeak area, and t is the time of 
acquisition of counts. Ny is the total number of photons emitted by a source per unit 
time (appendix A).
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4.3.2.3.2 Intrinsic fuil energy photopeak efficiency
The intrinsic full energy photopeak efficiency depends on the detector material its 
shape and size, the energy of the incident radiation and the distance between detector 
and source.
4.20
where Ct are the counts recorded in the full energy photopeak and the number of 
radiation quanta incident on the detector (appendix A). The relationship between the 
intrinsic and absolute efficiency in a non-attenuating medium, can be expressed by:
E = ^Q 4.21
where Q is the solid angle of the detector seen by the actual source position. The solid 
angle is defined by an integral over the detector surface that faces the source, of the 
form;
JA p
COS a dA 4.22
Where r represents the distance between the source and a surface element dA, and a  
is the angle between the normal to the surface element and the source direction.
d<l>
Detector
Fig. 4.5: Solid angle between a point isotropic source 
and a detector with a circular aperture [Tso95]
It can be shown from figure 4.5 (Tso 95) that for full 4tc geometry around a point 
source the solid angle subtended by the detector (circular cylinder) is given by:
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Q  = iTCil -  COS 6 q ) 4.23
or
Q  -  2 ; r ( l  -) 4.24
y id  a
where a is the radius of the detector and d the source-detector distance.
From equation 4.11 and if a « d ,  then after expanding the square root series using the 
Binomial theorem and taking the first two terms:
4.25d ^
4.3.2.3.3 Detector relative efficiency
The relative efficiency of the germanium detectors, is generally expressed as the ratio 
of the absolute germanium detector efficiency to the efficiency of the 3 in diameter x 
3 in thick Nal(TI) scintillation detector at 25.0cm. This ratio, expressed as a 
percentage, is given as the relative efficiency (R) of the detector:
Pa
„ (Ax L, xlOO)
1 .2 X 1 0 -
where Pa is number of counts in the full energy photopeak, A is the activity of the 
source and L^is the live time of measurement (talcing the dead-time in consideration). 
We assume that this is a long-lived source, otherwise decay must be taken into 
account if the time between the two measurements and the counting time are a 
significant fraction of the half-life.
4.3.2.3.4 Peak-to-total Ratio
Two general sources of background are environmental radiation and source-induced 
radiation in the detector. Environmental sources include cosmic radiation, natural 
radioactive sources in the air such as radon and daughters, and contaminant in 
building material with unstable nuclides such as potassium and uranium. In general, 
source-induced radiation results from Compton scattering, pair production and 
photoelectric absorption with a resulting x-ray in the detector element or surrounding 
materials. Both conditions increase the background and reduce the ability to detect 
gamma-ray lines of interest, especially at low activity levels. One measure of the 
performance of the system is the peak-to-total ratio. It’s defined as the maximum
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counts in the full-energy pealc area divided by the total number of counts in the 
spectrum. It is affected by the detector element and its properties, the detector support 
structure, and both active and passive shielding. The full energy photopeak efficiency 
value and the peak-to-total ratio for any detector are limited by the size of the crystals. 
The total and pealc efficiency are related by;
7 5  _  ^  peakPeak-to-total Ratio; ^  “  ~  4.27
total
4.3.2.3.5 Peak-to-Compton ratio
Peak-to-Compton is defined as the ratio of the maximum counts in the highest 
photopealc channel to the counts in a typical channel of the Compton continuum 
associated with that peak (Kno 89) and (lEE standard 8 6 ). Larger detectors have 
higher peak-to-Compton ratio. Other parameters like, photofraction and peak-to- 
scatter ratio are also important Photofraction, is defined as the ratio of the area under 
the photopealc (or full-energy peak) to that under the entire response function. It is a 
direct measure of the probability that a photon which undergoes interactions of any 
Icind within the detector deposits its full energy. It is related to energy resolution, 
efficiency and Compton cross-section, and a large value is desirable in order to 
minimise the effects of scattering and escape pealcs in the spectrum. Peak-to-scatter 
ratio (PSR) is defined as the ratio of the full energy photopealc area of a specified 
integration region, with background subtracted, to the area within an energy window 
in the Compton continuum defined by the respective angles of Compton scattering. 
Detection limit, is defined as where is the standard deviation of the
background counts underlying the photopeak area of interest, assuming Poisson 
statistics, a n d / is  a factor which sets the relative precision of the detection limit. The 
relative precision for a signal equal is
VEVb+HI^ ---- ^x l00  = 70% 4.282VB
Assuming B*^  ^ is small compared to B. The product of the detection limit and the 
inverse of the intrinsic photopealc efficiency, fB^^/Si, gives the minimum detectable 
quantity [MDQ] of a source of monoenergetic photons. It is the minimum number of 
photons incident on the detector which would produce a detectable signal and can be
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expressed for unit time of counting providing the background does not vary within 
that period. The reciprocal of this quantity is sometimes known as the detection power. 
The minimum detectable quantity is a function of both efficiency and resolution, 
considering the case where signal-to-noise ratio is small.
4.3.B.4 Detector dead time
When counting ionising particles, such as annihilation photons in positron emission 
tomography (PET) imaging, every measurement system exhibits a characteristic 
called deadtime. Since the pulses produced by a radiation detector have finite time 
duration, when a second pulse occurs before the first has disappeared, the two pulses 
will overlap to form a single distorted pulse (Sor 87), (ICRU report 52, 1994). 
Depending on the system, one or both particle arrivals will go unrecorded. This loss 
of counts changes the measurement statistics, in general, and the statistical moments 
in particular. The statistics of the coincidence-counting process for detectors affected 
by deadtime is of fundamental importance to the problem of statistical image 
reconstruction, as elaborated in (Fes 00) for single-photon counting systems. Counting 
systems are often characterised as either non-paralysable or paralysable (extendable). 
In a paralysable system, each particle anival, whether recorded or not, produces a 
deadtime of length t; if there is an arrival at time t; then any arrival from t to t+^ will 
go unrecorded. The dead time of the detector is the time separation between receiving 
and processing of a signal before another signal is received. In general, in all detector 
systems, there is a minimum amount of time that separates two consecutive events in 
order that they will be recorded as two separate events or pulses. In some cases the 
limiting time may be set by the process in the detector itself, and in other cases the 
limit may arise in the associated electronics. Due to the random nature of radioactive 
decay, there is a high probability the detector will be dead to some events since it 
occurs quicldy following a preceding event. Dead time losses occur when a system 
encountered a high count rates, any measurements are made under this condition 
needs to be corrected for dead time. Events arriving during this dead time are lost and 
the fraction of events lost increases with increasing counting rate. The dead time is 
defined as:
N - mT =  ----  4.29Nm
where N is the interaction rate, m is the recorded count rate, and the dead time.
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4.4 Experimental work
4.4.1 Objectives of the experiments
The main objective of this work in this section is to determine the functional 
responses of the semiconductor detectors when exposed to different irradiation 
sources that have different energies, particularly in the energy region of interest (80 to 
511 keV) so that a comparison could be made between the experiments and Monte 
Carlo simulation. The functional response of the detector (e.g. efficiency and energy 
resolution) then can be estimated regarding the comparison between the experiments 
and Monte Carlo simulation. These functional responses are crucial for detecting and 
imaging three photon positron annihilation events. Also due to the extent of 
interactions and the geometrical factors, information about scattering and counting 
efficiency can be predicted.
4.4.2 Measurement procedure
Three high purity germanium (HPGe) detectors and one lithium-drifted Germanium 
(Ge(Li) detector (table 4.1) have been calibrated for several energies. First a 
source was place near the face of the detector. The two pulses from 1.17 and 1.33 
MeV gamma rays were seen on the oscilloscope and the amplifier was adjusted for 
clear signal, hence well defined peaks in the spectrum. Also the spectrum was 
observed on the display of the MCA and the amplifier gain was adjusted until the 
sharp peaks were positioned. Then the calibration was done and the energy and 
channel number were established.
GEM-POP 
10175-P (A)
GMX
20190(B)
GEM-POP 
50 P4 (c)
Operating voltage 4-300 V -2500 V 4-2200 V 4 -1400V
Crystal diameter 42.4mm 55.0 mm 66.5 mm 47.5mm
Length 44.1mm 51.0 mm 66.5 mm 43.0mm
Window material A1 Be A1 A1
Thickness 0.5 mm 0.5 mm 0.5 mm 0.5mm
Distance between 3.0 mm 3.0 mm 4 mm 5.0mm
material and endcap
Active volume 62.27cm'’ 121.16cm^ 230.97cm^ 76.2 cm^
Table 4.2; Characteristics of HPGe and Ge(Li) detectors used
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4.4.2 .1  Experimental results
Once energy calibration points have been established over the entire energy range of 
interest, a calibration curve relating energy to channel number is normally derived. 
Common techniques involve the least-square fitting of a polynomial of the form:
\N
4.30
where E,is the energy corresponding to the channel number C,. A polynomial of order 
N= 4 or 5 normally is adequate for typical germanium spectrometers, depending on 
the severity of non-linearity that is present.
The energy calibration of the detectors was done by measuring the spectrum of 
sources emitting gamma rays of precisely known energy, covering the entire energy 
range of interest over which the spectrometer is to be used. It doesn’t matter whether 
the source contains a single nuclide or several nuclides (Nia 98). Table 4.2 lists the 
radionuclides used for detector calibration.
The counting time (live time) was long enough to achieve adequate counting statistics. 
The gamma-ray energy against channel number was plotted for the 3 HPGe detectors 
(A,B,D) and the Ge(Li) detector as shown in figure 4.6. All four graphs show good 
linearity between energy and channel number.
1600 -1
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>% 1000 -p<DC 800m
co 600oJOÛ. 400
200 -
0 -
+ Ge(Li) c 
O  HPGe B, D  
A H PG eA
0 500 1000 1500 2000 2500 3000 3500 4000 4500
C hannel Num ber
Figure 4.6: Energy calibration curves for different energy
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Table 4.3: Decay data for radionuclides used as efficiency standards
©g. Abuelhia 75
Chapter 4 Detectors Characterization and Monte Carlo Simulation
The measurements are carried out with respect to sources-detector-distances and the 
geometrical solid angles were calculated as shown in table 4.4.
Distance source- 
detector end cap 
(cm)
Ge-A Ge-B Ge-C
D/4tc (sr) QJA% (sr) QJAtl (sr)
5 0.0562±0.0018 0.074±0.0022 0.0358±0.0012
1 0 0.0169±0.0003 0.023±0.0004 0.0103±0.0002
15 0.0079±0.0001 0 .0 1 1 ±0 . 0 0 0 1 0.0047±0.0001
2 0 0.0045±0.0000 0.006±0.0000 0.0027±0.0000
Table 4.4: Solid angle values at various source-detector distances 
Table 4.5 summarises some of the important detector parameters which were
investigated in order to be used for three photon positron annihilation measurement.
The relative efficiency, FWHM @ 1332 and peak-to-Compton of the semiconductor
detectors are shown and compared with the manufacturer’s measurements. They are
in very good agreement with slight differences in pealc-to-Compton ratio. This is due
to the relatively high background that is present in the laboratory because of the
present other unsealed sources.
Detectors
(HPGe)
Relative 
efficiency* %
FWHM @ 1332 
keV± 0.01
Peak-to-
Compton
Peak-to-total
Manu. Measured Manu. Measured Manu. Measured Measured
A 25.7 25.6 1.75 1.62 44:8 42:8 0.92
B 28.8 27.9 1.92 1.87 57:1 58:1 0.85
C 50.0 49.7 0.72 0.80 6 6 : 1 6 8 : 1 1 .0 1
Ge (Li) 1 0 . 8 1 1 . 2 2 . 1 2.31 30:1 28:1 0.81
"The relative efficiency was measured @1332 relative to a Nal(Tl) detector 
(76.2mmx76.2mm) at source-to-detector distance o f 25cm.
Table 4.5: Measured parameters compared to manufacturer 
Figure 4.7 shows how the detector resolution becomes worse with increase in detector
relative efficiency (high count rate, less resolving events). There is no significant
change in detector peak-to-total ratio with respect to detector resolution. Figure 4.8
shows the increase of measured peak-to-Compton ratio versus relative efficiency,
which proves the assumption that a detector with very good relative efficiency can
present good peak-to-Compton ratio. Peak-to-Compton ratio is affected by any
scattered gamma rays that enter the detector and it therefore also is influenced by
structural materials near the detector or source.
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Figure 4.7: FWHM @ 1332keV and peak-to-total ratio versus relative efficiency 
They are positively and statistically significant (r=0.93, p<0.05). The peak-to- 
Compton ratio increases proportionally with the increase in detector relative 
efficiency. Table 4.6 shows the statistical analysis of relative efficiency versus peak- 
to-Compton.
Mean Correlation
Std.
Deviation Std. Error Mean
Relative efficiency 28.6 R=0.930 15.9 7.9
Peak-to-Compton 49.0 P<0.05 17.6 8.8
Table 4.6: Statistical analysis, relative efficiency versus peak-to-Compton
70  .
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12 55 .
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45  .
35  - GcLi
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Figure 4.8: Peak-to-Compton versus efficiency
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Figures 4.9, 4.10 describe the absolute photopeak efficiency and intrinsic photopeak 
efficiency in relation to increase in energy. Both show that they are exponentially 
proportional to the amount of incident energy in detector from different distances.
5 c m :^ ff=  269.Sle-^ * 
\Ocm E if = 15 .25e-*** 
15cm Eff=33.93e-^** 
20cw _% f= 19 08f-""
■ 10cm
15cm
X 20cm
----- (5cm)
----- (10cm)
----- (15cm)
----- (20cm)
800 1000 
Energy (keV)
1200 1600
Figure 4.9: Absolute full-energy photopeak efficiency against energy at different 
detector distances (HPGe-A).
♦ 5cm 
■ 10cm 5cm ^  = 4625 9*-“*
15cm 1 0 c w ^  = 4453.1*-““
20cm \5cm £ jy  = 4294 8*-““-----  (5cm)
-----  (10cm) 2 0 c « : ^  = 4240*^“
----- (20cm)a
1200 1400 1600600 800 1000 
Energy (keV)
Figure 4.10: Intrinsic full-energy photopeak efficiency (HPGe-A) against energy at
different detector distances.
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Figure 4.11 shows the relationship between the resolution and the energy for the four 
semiconductor detectors.
0.45 iD etector A «Detector C
A GeLi Detector B0.35
0.25M 0.2
0.05
200 400 600 800 1000 
Energy (keV)
1200 1400 1600
Figure 4.11 : Energy resolution versus energy for the detectors
4.5 Monte Carlo Simulation of Gamma-ray R esponse Functions for
Sem lconductor-detectors
The main objective of this section is to investigate the functional responses of 
semiconductor detectors by simulating the germanium detectors used in this project of 
four different crystal diameter (42.4, 47.5, 55.0, and 66.5 mm) and how the crystal 
length affects the counting efficiency. The purpose is to predict and verify the desired 
performance characteristics of Ge detectors with suitable crystal length that could 
have good counting efficiency for the detection of the three-photon positron 
annihilation. The effect of secondary electrons (created when a photon interacts with a 
material) has also been assessed. The influence of different source configurations on 
the reliability of Monte Carlo calculations for the response of Ge detectors is also 
discussed.
4.5.1 Introduction
Designing and testing new equipment can be an expensive and time consuming 
process. In some cases, the desired performance characteristics of the equipment may 
preclude its construction due to technological shortcomings (e.g., a 2 0  cm diameter 
germanium detector). Cost or human resources may also prevent other types of 
scenarios being tested, however, there is a relatively inexpensive alternative. Monte
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Caiio simulations have been used widely to predict and verify the desired 
performance characteristics of Ge detectors. And also to determine the effects of 
various physical parameters in calibration for a given situation. Monte Carlo 
simulations have been used in many areas, including nuclear criticality safety, 
radiation shielding, nucleai' safeguards, detector design and analysis, nuclear well 
logging, personnel dosimetry, health physics, accelerator target design, medical 
physics and radiotherapy, aerospace applications, radiography, waste disposal, and 
reactor design. The results from the Monte Carlo simulation are only as good as the 
model used. The Monte Carlo method is a mathematical technique for solving a 
problem that is dependent upon probability in some calculations. The technique is 
useful when exact formulation describing a process may be too difficult, or even 
impossible, to derive and solve by direct methods. The Monte Carlo method 
constructs a stochastic model representing the process of interest. A set of high quality 
random numbers is then used to sample the probability distribution functions defined 
by the model. The result is an estimate of a physical quantity characteristic of the 
process, specified with a measured degree of confidence. In radiation transport 
problems, interaction cross-sections define the probability distribution functions of 
interest. The scattering media serves as the stochastic model. Random numbers are 
then used to sample the probability, type, and outcome of interactions in the model, 
thus simulating the paths of radiations in the scattering media. After repeated 
sampling, the expected value of the physical quantity of interest, such as particle flux 
or fluence, is estimated by the average value of those events. Associated with this 
estimate is a measure of its statistical significance. Greater confidence or precision is 
achieved in the average value as the number of histories is increased. The accuracy of 
the estimate is dependent upon the appropriateness of the stochastic model to 
represent the true physical process. For radiation transport problems, the model 
includes geometry and material specification. The solution given by MCNP to the 
problems summarised above is the normalised number of particles interacting with a 
detector. This normalised tally is essentially the counting efficiency of the detector 
measured in units of counts-per-second per photon-per-second. This is equivalent to 
an experimentally determined absolute full energy photopealc efficiency of the 
detector. The tally is also accompanied by a relative error that is approximately 
equivalent to the inverse square root of the number of histories contributing to the 
tally. So, the precision is improved at a rate equal to the square root of the increase in
©E. Abuelhia__________________________________ 82_____________________________________________
Chapter 4_________________________________Detectors Characterization and Monte Carlo Simulation
histories sampled. A reduction in the precision by a factor of two would require 
sampling four times as many histories. The authors of MCNP consider that a relative 
error value of 0.1 - 0.2 suggests that the tally result is questionable (Bri 8 6 ). Tally 
results for which the relative error is above 0 . 2  are not likely to be meaningful, but are 
generally reliable for a relative error less than 0.1. All the simulations described 
below have had relative errors vary between 0.03 and 0.1.
4.5.2 HPGe-detectors and Source Configuration
The detector data provided by the manufacturers are often not correct or, at least, not 
accurate enough. In some cases, the errors in the detector geometry are the main 
reason why Monte Carlo calculated efficiencies do not reproduce properly the 
experimental values (Kor 97). In this work, the germanium detectors characteristics as 
shown in table (4.2) were modelled on data supplied by EG & G Ortec. The side 
casing is aluminium that is 0.38 cm thick and 7.2 cm in diameter. Detector to window 
distance is also considered. The photon source was modelled using a point source 
placed along the detector axis at a distance of 5, 15, 25 and 30 cm from the window. 
Photon energies simulated were 80, 276, 302, 356, 383, 511, 661, 1173, 1274, 1332 
keV and starting cut off energy of 50 keV. The intervening space in the volume to be 
simulated was filled with air. The MCNPX input files for all the above geometries 
were created by following the standard procedure described in detail in reference (Bri 
8 6 ). The input file consists of four parts: a geometry part (figure 4.12), a source 
definition part, a material part and a tally part. The photon mode was used. The 
detailed physics treatment (default MCNPX choice) for photon interactions was 
chosen for all the geometries. There are many tally types in MCNPX, but only tally 8  
(pulse height tally) was used. With this tally, biasing of the source itself is the only 
possible variance reduction scheme. Photons are emitted isotropically over 4n solid 
angle. When the source is far away from the detector, most of the photons will never 
reach the detector due to the law of geometrical efficiency. In this work instead of the 
full 4tc solid angle, particles are forced to be emitted from the source in a direction 
toward the detector, and with all photons in a cone, which entirely encloses the 
detector volume. The MCNPX output for pulse height tally is in counts (normalized 
by number of histories at that energy) versus energy. The results (counting 
efficiencies) are clearly affected by detector diameter size (solid angle) and detector 
crystal length (stopping power) but could have the same relative efficiency at 1332 
keV.
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Al-holder
Dead layer Al-casing
B e-window
Disk source
Ge-active crystal Vacuum
Figure 4.12: A schematic presentation of MCNP geometry, 
used to model the response function of germa­
nium detectors
4.5.3 Monte Carlo Simulation Results
Figure 4.13 shows the Monte Carlo simulation for HPGe detector (B) compared to an 
experimental measured spectrum of '^^Eu from the same detector. The energy peaks 
of the spectrum were presented as shown by Monte Carlo simulation. The spectrum 
represents the number of particles interacting with a detector. This is equivalent to an 
experimentally determined absolute full energy photopeak efficiency of the detector. 
Table 4.8 and figure 4.14a,b represent the experimental and simulated counting 
efficiency of the four different germanium detectors with different geometrical 
efficiency. The simulation was also done at 25cm source-detector-distance (Appendix 
A).
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Figure 4.13: Pulse height spectrum of ('^^Eu) measured top and simulated bottom.
L ' Energy  ^ ' ' '  " ■ HPGe Detectors crystal dimension ^
(44x42.4 mm) (43x47.5nun) I (51x55 mm) (66.5x66.5mm) |
_ - jCounting efficiency (counts per photon)
50 4.7*10-' 6.9*10' 1 .1 * icr^ 1.87*10'^
81 1.25* 10-" 1.74*10'^ 2.71*10'^ 3.75*10'"
276 2.93*10^ 4.25*10'' 8.80*10' 1.29*10'"
302 2.47*10^ 5.49*10' 7.53*10'' 1 . 1 1 * 1 0 "
356 1.90*10' 3.65*10'' 5.97*10'' 8.84*10''
383 1.61*10' 2.50*10'' 5.12*10'' 7.58*10''
511 9.27*10^ 1.83*10'' 3.05*10' 4.58*10'
661 4.57*10''' 1.09*10' 1.55*10' 2.77*10''
1173 1.54*10'" 3.19*10" 5.45*10" 8.36*10"
1274 1.47*10'" 3.08*10" 5.32*10" 1.06*10'
1332 1.45*10" 3.04*10" 5.26*10" 8.08*10"
Table 4.8: Counting efficiency (counts per photon) of germanium detector of four 
different lengths and different energies. The source position at 15 cm.
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Figure 4.14a: Effect of different crystal lengths on counting efficiency
Normalized simulation, sources at 15cm from detector4.5E-HD6
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Figure 4.14b: Effect of different crystal lengths on counting efficiency,
normalised spectrum.
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4.6 Conclusion and d iscussion
The functional responses of the semiconductor detectors when exposed to different 
irradiation sources that have different energies, particularly the energies of interest (80 
to 511 keV) are presented experimentally and predicted using MCNPX. The Monte 
Carlo simulations have shown that detector efficiencies can be adequately modelled 
using photon transport method. The detector’s diameter and lengths define the 
sensitivity; the lengths directly influences the energy beyond which the efficiency 
starts to decrease sharply, while the diameter affects the spatial resolution and the 
efficiency at a given detector to source distance. At higher photon energies, the 
counting efficiency begins to increase as the crystal length of the detector increases. 
However, the detector becomes more efficient when the distance between the source 
and the detector reduced and the crystal length of the detector increases.
In this work, the energies used in simulation are of the calibration point sources and 
Monte Carlo simulations shows that valuable information to be used for detector 
calibration can be predicted. For accurate efficiency calculations, especially at low 
energies, it is critical that the source and detector model be complete. Source and 
detector dimensions must be known and entered into the model. MCNPX, when used 
properly, is likely to be more accurate for efficiency calibrations of large and complex 
sources than the standard calibration sources. This could make Monte Carlo an 
alternative to the use of variety of calibration sources in the laboratories, as it will be 
costless and present no woiTy about source waste disposal.
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Chapter 5
Intercomparison of Scintillators (Nal(Tl)) and Semiconductor Detectors (HPGe 
and CdZTe) Used for theTriple Coincidence Imaging Technique
5.1 Introduction
In this chapter the capabilities of semiconductor detectors to measure and image three 
photon positron annihilation processes, in order to investigate their feasibility for use 
in positron emission tomography (PET) are discussed. The intercomparison is based 
on the experimental results and Monte Carlo simulation predictions. PET 
instrumentation has been developed to provide the most accurate quantitative images 
in the shortest amount of time, which in turn provides the best information with the 
least discomfort to the patient. Positron emission tomography (PET) is rapidly 
becoming the main nuclear imaging modality of the present century. Although PET 
technology has existed for some decades, the cost of the procedures and lack of 
reimbursement for clinical studies delayed the wide application of PET in the clinical 
setting. Many factors have determined the fast rate of growth of PET instrumentation 
and applications in the last five years. The two major cun'ent PET technologies are 
based on the coincidence imaging of the two 511 keV annihilation photons by using a 
dual-head gamma cameras or a ring of many small detectors with Bismuth Germanate 
(BOO) crystals (dedicated PET). Coincidence dual-head gamma cameras have the 
advantage of being used also for single photon emission computed tomography 
(SPECT). Disadvantages are lower sensitivity and much lower counting rate 
performance than those of dedicated PET (Fra 02). Since its lower cost compared to 
whole PET scanner, PET with coincidence dual-head gamma cameras is widely 
accepted in countries with less economic resources. Most recent trend in 
industrialized countries is the use of hybrid PET/CT systems, which combines a 
dedicated PET with an x-ray computerised tomography (CT) scanner in the same 
instrument. The CT images provide a map for PET attenuation correction and an 
anatomic framework for the PET metabolic information. Other current and future 
improvements in dedicated PET are new scintillation crystals with better energy 
resolution (Lutetium oxyorthosilicate (LSO)) and shorter scintillation time decay 
(Gadolinium oxyorthosilicate (GSO)) than those of BGO.
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The work done in this project is based on semiconductor detectors; three high purity 
germanium detectors (HPGe), three sodium iodide detectors (Nal(Tl)) and three 
CdZnTe detectors.
5.2 The Physics of Sem iconductor Detectors 
Historically, semiconductor detectors were conceived as solid-state ionization 
chambers. To obtain a high-electric-field, low-current, solid-state device for detection 
and possibly spectroscopy of ionizing radiation, conduction counters (highly insulting 
diamond crystals) were first used. However, such crystals were quickly rejected 
because of poor charge collection characteristics resulting from the deep trapping 
centers in their band-gap. After successful development of silicon (Si) and germanium 
(Ge) single crystal for transistor technologies, the conduction-counter concept was 
abandoned, and silicon and germanium ionizing radiation detectors were developed 
by forming rectifying junctions on these materials. A semiconductor detector is a 
large silicon or germanium diode of the p-n or p-i-n type operated in the reverse bias 
mode. At a suitable operating temperature (normally -300 k for silicon detector (Si 
(Li)) and -85 k for germanium detectors), the barrier created at the junction reduces 
the leakage current to acceptably low values. Thus an electric field can be applied that 
is sufficient to collect the charge carriers liberated by the ionizing radiation.
5.3 Principles of Sem iconductor Photon Detector
5.3.1 Development of Ge(Li) and HPGe Detectors
The above semiconductor photon detectors are well established in the field of photon 
spectroscopy, due to their superior energy resolution. The feasibility of using them as 
radiation detectors was first demonstrated by Mckay in 1949. He constructed a p-n 
junction by placing a phosphor bronze needle point on a germanium slice and despite 
the very small size of the sensitive volume ie. 10'^ mm diameter, he was able to detect 
alpha particles. The difficulty was to manufacture detectors with sensitive volume 
large enough to be of practical use in photon spectroscopy. In 1962 Freck and 
Wakefield (FRE62) demonstrated the first practical germanium based lithium drifted 
photon spectrometer (Ge(Li)). Because of its superior energy resolution led to 
widespread interest in the manufacture of larger and better quality crystals in the 
following years. The instability of the spatial distribution of lithium within the 
crystals at room temperature has been a major practical drawback in the use of Ge(Li) 
detectors. It has therefore been necessary to use and continuously store these detectors
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at low temperature ie. by using bulky liquid nitrogen de wars. This requirement places 
restriction both on the flexible use and storage of these detectors.
In the last 30 years availability of gennanium crystals in a very high state of purity 
has led to the development of the ‘High Purity Germanium’, HPGe, detectors for use 
in photon spectroscopy. These detectors still have the problem of operation at room 
temperature, but the problem associated with lithium compensation is avoided.
5.3.2 Cadmium Zinc Teiiuride Detectors
Cadmium Teiiuride (CdTe) and Cadmium Zinc Teiiuride (CdZnTe) have been 
regarded as promising semiconductor materials for hard x-ray and y-ray detection 
(Eisen et al 1999) and (Scheiber 2000). The high atomic number of the materials 
(Zcd=48, Ztc= 5 2 ) gives high quantum efficiency suitable for a detector operating 
typically in the 10 - 500 keV range. However, due to incomplete charge collection 
caused by the low mobility and short lifetime of holes, the energy resolution does not 
reach the theoretical limit expected from statistical fluctuations in the number of 
electron-hole pairs and the Fano factor. These detectors have high resistivity because 
of the wide bandgap and also have high photon absorption efficiency because of the 
large atomic number. The electron-hole pairs generated in CdTe and CdZnTe 
detectors by irradiating with y-rays cannot be fully collected because of the low 
transport properties of carriers. This leads to a significant distortion of the spectrum. 
CdZnTe has become a material of great interest in the field of x-ray and y-ray imaging, 
and shows great promise as a highly efficient, room-temperature operation detector. 
The feasibility of these materials for detection efficiency and scatter rejection 
capabilities at diagnostic energies has been investigated (Heanue et al, 1996). The 
timing properties of CdZnTe detectors for positron emission tomography have been 
investigated (Bertolucci et al, 1997 and Amrmami et al, 2001). Data on the timing 
resolution obtainable with this material is scarce. It is loiown that CdZnTe, in 
common with all compound semiconductors, gives pulses of varying rise-time 
depending on the interaction location, hence causing a broadening of the time 
spectrum. In this work three new room temperature (CdZnTe) detectors have been 
characterised experimentally and compared with the Monte Carlo simulation. These 
detectors are being examined for their potential use in PET. The specifications of the 
detectors are given in table 5.1.
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Crystal
Model eV Products B1592 & B 1591
Type Cdo.1Zno.9Te; Co-planar Grid electrode
Geometry Cuboids
Dimensions 10mm xlOmm x7.5mm
Energy resolution
At (662 keV of ^^ "^ Cs) CZT-A (B1592) < 2.5%, CZT-B (B1591) < 3%
High voltage
Power supply Canberra 3102D
Bias voltage - lOOOV
Amplifiers
Shaping amplifier Ortec 570
Gain Coarse: 20; Fine: 11.04
Shaping time 0.5psec - 1 Op sec
Conversion gain 2048
Table 5.1: Specifications of the two eV- product CZT spectrometers.
The physical characteristics and parameters of the detectors are given elsewhere 
(Knoll 2000). What make them unique is their wide band gap and the sufficiently low 
amount of energy needed to create an electron-hole pair. The wide band gap allows 
their use at room temperature and the energy per electron-hole pair offers much better 
resolution compared to other gamma rays detectors which can be operated at room 
temperatures, such as the widely used NaI(Tl) detectors. The main properties of 
CdZnTe detectors are compared with other semiconductor detectors are shown in 
table 5.2a,b.
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Properties Bandgap Energy Mobility lifetime Charge
(ev) e-h(ev) (e) (h) (nsec)
Ge 0.67 2.96 High High 100
Si 1.12 3.61 High High 10
CdTe 1.5 4.43 Medium Low 100
CdZnTe 1.57 4.64 Medium Low 100
Hgl2 2.1 4.15 V. low V. low >1000
GaAs 1.43 4.3 V. high Medium <10
Table 5.2a
Properties Atomic
Number
Density
g /C Tt?
Volume
(cm^ )
Resolution
FWHM (keV)
Ge 32 5.35 100 0.4-2
Si 14 233 0.1 0.2-1
CdTe 50 6.2 0.1 0.2-20
CdZnTe 49.1
(effective)
5.78 3.4 0.2-20
Hgiz 62
(effective)
6.4 4 0.2-30
GaAs 32
(effective)
5.3 0.1 3
Table 5.2b: The main properties of CdZnTe detectors are compared with other 
semiconductor detectors.
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5.4 Interaction of Ionising Radiation with Semiconductor Detectors
5.4.1 Interaction with Gamma-ray and X-rays
Interactions of ionising electromagnetic radiation with matter occur due to most three 
important absorption processes mentioned above. The attenuation of the photon beam 
can be described by a simple exponential law
N  = JLtx) 5.1
Where N is the remaining photons in the beam after traversing distance x, and the 
absorption coefficient p is the sum of the three terms due to the three above- 
mentioned processes. Figure 5.1 summarizes values of linear absorption coefficients 
of the photoelectric, Compton and pair production effects as a function of gamma-ray 
energy for silicon and germanium detectors..
lO*
G o  l Ou
1
Energy’' (MeV)
F igure 5.1; Linear absorption coefficients versus gamma-ray energy for (Si & Ge) 
5.4.2 Creation of Eiectron-Hole pairs
The energy lost by ionising radiation in semiconductor detectors ultimately results in 
the creation of electron-hole pairs. The average energy necessary to create an 
electron-hole pair in a given semiconductor at a given temperature is independent of 
the type and the energy of the ionising radiation. The values of the energy aie: 3.62
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eV in silicon at room temperature; 3.72 eV in silicon at 80 K, and 2.95 eV in 
germanium at 80 K. These energy differences are due to forbidden band-gap of the 
two materials. The germanium detectors designed by ORTEC; GEM and GAMMA-X 
(GMX) coaxial detectors maybe characterized by the following specifications:
S p ecifica tion s coax ia i detector type
• Relative efficiency at 1.33 MeV GEM and GMX
• Energy resolusion at:
1.33 MeV GEM and GMX
122 KeV GEM
5.9 KeV GMX
• Peak-to-Compton Ratio at 1.33 MeV GEM and GMX
® Peak Shape at 1.33 MeV GEM and GMX
FW.1M/FWHM 
FW.02M/FWHM
Table 5.3; Parameters for characterising coaxial detectors
5.5 The timing properties of sem icon d u ctors d etectors
5.5.1 P u ise  Shap ing and Timing
The pulse-shape formation in any detector based on the motion of charge carriers can 
be calculated using the Shocldey-Ramo theorem (Shocldey 1938 and Ramo 1939), 
which states that the induced charge on an electrode due to moving charges can be 
calculated as:
= e k v ,f t ) x W ( r J - A T .v .( f ; ) x # ( r , ) ]  5.4at
where W(i;  ^) = - V 0  ^  ) is the weighting field, Ne,h are the number of charge
carriers for electrons and holes, and ) are the charge carriers velocities, which
are functions of the electric field E(r).The electric field is calculated from the electric 
potential as Ê{r) ~ -V<ï>(r). Since the electric field and weighting fields are two
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fundamental quantities, the calculation of pulse shape for any semiconductor detector 
begins with solving the two differential equations:
V "0 (r) = - ^ ^ ^  5.5
^Ge
and V ^O ^(r) = 0
known as the Poisson and Laplace equations. They describe the electric and weighting 
potentials, respectively. The p(r )  is the free charge distribution in the detector and
ggg the dielectric constant for germanium. More explanation can be found in (Knoll
2000). In standard pulse height spectroscopy, it is necessary for shaping times of the 
pulse-processing electronics to be substantially larger than the longest rise time likely 
to be encountered from the detector if resolution loss due to ballistic deficit is to be 
avoided (Knoll 2002). In applications for positron emission tomography (PET) where 
timing information must be obtained from the pulse, both the rise time and the 
detailed shape of the leading edge of the pulse become important when considering 
various time pick-off methods. The time resolution of semiconductor detectors 
depends both on the overall average rise time (Fig.5.8) and the significant variation in 
the pulse shape from event to event.
5.5.2 The Coincidence Timing Resolution
The coincidence timing resolution is a critical performance parameter to determine if 
direct gamma-ray detection by semiconductor detector materials such as HPGe or 
CdZnTe may be suitable for use in positron emission tomography (PET) systems (Sha 
85). For application in PET however, there is a critical requirement for good 
coincidence timing resolution. This, allows setting a narrow timing window, and will 
minimise all type of random coincidence events, although it will also reduce the 
detection of true events (sensitivity). Coincidence timing response is poor in 
semiconductor detectors because of slow charge transport and variation in charge 
collection time. The timing resolution therefore becomes a major concern.
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5.6 Experimental procedure
Performance of HPGe, Nal(Tl) and CZT detectors
5.6.1 Coincidence timing measurement
Coincidence timing is very important for the triple coincidence technique to be vital. 
The feasibility of using semiconductor detectors in timing, to be used for triple 
coincidence detection was investigated. The coincidence timing resolution was 
measured using the following instrumentations set-up (Fig. 5.2, 5.3 and 5.4).
HV Bias 
Supply HPGe
Energy
Timing
TSCA
Gate & Delay 
Generator
ADC
1:1
22Na
Shaping amplifier Delay amplifier
ORTEC 672 ORTEC 571
Fixed delay
Coincidence
MCA Card
Computer
Figure 5.2; Block diagram for peaks setup to measure coincidence time resolution.
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In figure 5.2 the output signal from the detector is taken as two channels representing 
the slow channel (energy channel) and the fast channel (timing channel). The energy 
signal was shaped by the Ortec shaping amplifier and passed through a timing single 
channel analyzer and gated by a delay generator, while the timing signal was delayed 
with fixed delay. Then both signals were recorded using a digital oscilloscope to make 
sure they are in coincidence (fig. 5.3). This was done for each detector so as to select 
the exact energy peak for coincidence while minimizing the random coincidence 
events.
Figure 5.3: Display two coincidences timing signal (yellow) and energy signal 
(green) set-up for coincidence timing resolution measurement
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In Figure 5.4 the output signal from the pairs of detectors facing a point source was 
preamplified and shaped with ORTEC672 amplifiers. Each amplifier output was fed 
to an Ortec 455 timing single channel analyzer (TSCA). One output of the TSCA was 
used as the “start” signal on the time-to-amplitude converter (TAC) and the output 
from the other, delayed and fed to the “stop” signal. The TAC output was analysed by 
pulse height analyser, computer-based MCA. The time spectra were measured to 
determine the coincidence timing resolution capability of the HPGe detectors when 
irradiated with ^^Na, as a function of energy and detector positions.
H \ Bias H \ Bias
Supply Supply
HPGe
Shaping anylifiei 
ORTEC 672
HPGe
Shaping ainplifiei
ORTEC 672
TSCA TSC A
Fixed delà)
srait
MCA
Figure 5.4; Block diagram of electronic chain for measuring time resolution
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The measured timing spectrum is shown in Figure. 5.5. The calibration factor for the 
timing spectrum was found to be 0.229 ns/ch as measured from the distance between 
the two peaks delayed by 20ns. The FWHM of the timing spectrum was found to be 
53±0.02ns.
time spectrum
M 10
FWHM = 53±0.02ns 
FWTM = 90.8±0.02ns
I I I I  ■ I II JIL
300  6 00  9 00  12 00 1500 ,18 0 0 , .2100 2 4 0 0  2700 3 0 0 0  3 3 0 0  3 6 0 0  390 0time(ch.num)
Figure 5.5.' The multichannel time spectrum fo r  a radioisotope source 
emitting some radiation in prompt coincidence. The area under the curve 
gives the total number o f  recorded coincident events from  the detectors A 
and C in coincidence as in figure 5.4. The time resolution o f  the system is 
conventionally defined as the FWHM o f  the prompt coincidence peak.
5.6.2 Effect of distance between detectors in coincidence
The effect of source position between detectors in coincidence was investigated. 
Figure 5.6 shows that the FWHM becomes better as source-to-detector distance 
increases. The results show that the FWHM is 42.75±0.02ns, 40.46±0.02ns and 
38.62±0.02ns at 6±0.01cm, 10±0.01cm and 15±0.01cm distance between the detectors, 
respectively. Figure 5.7 shows the effect of distance on photopeak efficiency of the 
detectors A and C set in coincidence. The total counts recorded under the photopeak 
decrease as source-to-detectors distance increases, hence, the photopeak efficiency 
becomes worse.
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FWHM distance between detectors
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38.62 15 cm
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Figure 5.6: Effect of distances in signals detected in coincidence from two HPGe- 
detectors A and C irradiated by 511 keV annihilation photons. The 
FWHM becomes better with source-to-detector distance increases.
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Figure 5.7: The effect of distance between coincidence detectors A and C in full 
energy photopeak efficiency (R^=0.9S).
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5.6.3 Rise time measurement
The signal rise time was measured with a digital phosphor oscilloscope (Tektronix 
TDS 3012) with bandwidth of 100 MHz and sampling rate 1.25 GS/s. The rise time of 
the HPGe(C) was measured at different detector biases and the results are shown in 
Figure 5.8. It is clearly seen that the rise time decrease exponentially with the detector 
bias increases from 600V to 2400V. At low detector bias voltage the rise time is very 
high and causes large timing variations due to noise superimposed on the signal. The 
increase in detector bias improves the signal rise time, hence, the coincidence timing 
resolution (FWHM) improves as the detector bias increases. They are significant (r=-
0.911, p<0.001) and negatively correlated.
2.90
2.88
2.86
S '  2.84coo<Dcn§
2.82
(D
2.72
2.70
400 600 800 1000 1 200 1400 1600 1 800 2000 2200 2400
Detector bias voltage ( Volts )
F igure 5.8; Detector (HPGe(c)) bias versus rise time
5.6.4 Energy resolution
The energy resolution of a single energy peak is calculated as the peak full width at 
half of the maximum height (FWHM) above any underlying continuous background 
(Debertin and Helmer, 1988). The energy resolution describes how useful the detector 
is for clearly separating two adjacent energy peaks. The results are shown in Figure
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5.9 represent the comparison between the scintillator detector (Nal(Tl), 3inx3in 
diameter) and the semiconductor detectors (HPGe, and CZT) to test their feasibility of 
use in three photon positron annihilation processes.
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Figure 5.9; The energy resolution of HPGe, CZT and Nal(Tl) as a function of
gamma-ray energy.
The FWHM of the CZT is about 4 times larger and for the Nal(Tl) detector is 50 
times larger than that for the HPGe detector. However, all detectors show similar 
functional response; the FWHM increases with increase in gamma-ray energy. The 
highest energy resolution of the HPGe detector makes it excellent for three-photon 
positron annihilation imaging. However, the disadvantage that this detector needs 
cooling by liquid nitrogen. This makes it difficult to be used in the field of PET 
application, while Nal(Tl) detector has good efficiency but not good energy resolution 
for three-photon positron annihilation. The CZT showed a better energy resolution 
than the Nal(Tl) detector but a lower detection efficiency, which is due to crystal size. 
If the crystal size can be increased for improvement in efficiency then the CZT will be 
the best one for three-photon positron annihilation because of its good energy 
resolution and the fact that it can be operated at room temperature.
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5.7 M onte Carlo Simulation
When simulating systems that include processes, which are stochastic in their nature, 
Monte Carlo simulation is a very useful tool. In order to compare calculated and 
experimental efficiencies, it is necessary to simulate the statistical fluctuations in the 
process of charge carrier production and pulse electronic analysis. To achieve this, a 
Gaussian distribution with mean and standard deviation extracted from experimental 
data is applied to the deposited energy (Hurtado et al, 2004). The dead time during the 
measurement never exceeds 1% so the corresponding correction factor was obtained 
by using the ADC live time. Overall experimental efficiency was fitted to a 
polynomial logarithmic function to the power of 4 using a non-linear least-square fit. 
The efficiencies were calculated and compared with the MCNPX computed 
efficiencies for geometry and the relative deviations were calculated. The main 
disadvantage of the efficiency calculation by using the Monte Carlo method is that 
insufficient reliability of detector parameters provided by the manufacturers. Table
5.4 shows the experimental and calculated efficiencies. The relative deviations 
between the computed and experimental efficiencies are shown
as 100 X . The mean and root mean square error (RMS) of the relative
V V E^XP
deviation are presented to estimate the accuracy of each with references to 15 and 
25cm geometry positions for the HPGe(c) detectors.
Figures 5.10 and 5.11 represent a significant example of full energy photopeak 
efficiency versus energy; Monte Carlo simulation compared to experimental 
measurement.
©E. Abuelhia 103
Chapter 5 Semiconductor Detectors
Energy/ Efficiency at 15cm Efficiency a t 25cm
keV ^Exp ^Mcnpx RD% ^Exp ^Mciipx RD%
1.21E+02 9.14 8.36 -0.085 7.96 6.28 -0.211
2.19E+02 6.16 6.69 0.086 5.97 5.35 -0.104
3.82E+02 3.70 3.5 -0.054 4.80 4.22 -0.121
4.38E+02 3.13 2.83 -0.096 4.46 3.2 -0.283
4.78E+02 2.26 1.82 -0.195 3.35 235 -0.300
4.17E+02 1.68 1.34 -0.202 2.49 1.73 -0.305
5.63E+02 0.51 0.96 0.882 1.68 1.00 -0.405
7.68E+02 0.27 0.63 1.333 0.73 0.92 0.260
l.llE + 03 0.60 0.67 0.117 0.66 1.00 0.515
1.41E+03 0.92 0.53 -0.424 0.50 0.12 -0.760
Mean
RMS
0.119
1.689
0.171
1.187
Table 5.4; sexp represents the experimental values ofHPGe( C )detector, Smchp refers 
to the calculated efficiencies with the nominal parameters. The Mean and RMS error 
o f the absolutes values o f the deviations fo r  the above energy range are shown in the
table.
The two methods of the measurements of the efficiency (experimental & MCNP) are 
tested statistically (table 5.5). The test of the correlations that measure how variables 
or rank orders are related is carried out to check for evidence of their linear 
relationship. They are positively correlated (r=0.9, p<0.05) and statistically significant.
Efficiency Mean
Standard
Deviation Correlation
Expis 0.028 0.028 R=0.99
Mcnpi5 0.027 0.027 P<0.05(0.01)
Exp25 0.032 0.025 R=0.98
Mcnp25 0.026 0.021 P<0.05(0.01)
Table 5.5: Statistical analysis
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Expérimentai
R — 0.98
R ' = 0.99Û, 0.04
f  0.02
0.00
O.OE+00 2.0E+02 4.0E+02 6.0E+02 8.0E+02 1.0E+03 1.2E+03 1.4E+03 1.6E+03
Energy (MeV)
Figure 5.10: Full energy photopeak efficiency versus energy, experimental and 
Monte Carlo calculation source at 25cm for HPGe ( C ) detector. 
Polynomial of power 4 is used to fit the curves (r  ^= 0.99 &0.98)
MCNPX
Experimental
1.0E-01
9.0E-02
8.0E-02
7.0E-02
5.0E-02
R‘ = 0.99
R‘ * 0.98
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O.OE+00 2.0E+02 4.0E+02 6.0E+02 8.0E+02 1.0E+03 1.2E+03 1.4E+03 1.6E+03
Energy (MeV)
Figure 5.11:Full energy photopeak efficiency vs energy, experimental and Monte
Carlo calculation source at 15cm for HPGe ( C ) detector. Polynomial of 
power 4 is used to fit the curves (r  ^=0.98 & 0.99).
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Figure 5.12 represents a significant example of Monte Carlo calculation compared to 
experimental measurement for different detector configurations (CZT & HPGe), A 
’^^Cs source was used to produce the spectra. Generally, the pulse height distribution 
represents the functional response of the detector due to incident photons. The 
recorded spectrum consists of full energy photopeak (photoelectric effect (1)), a 
Compton continuum spectrum (2), (Compton scattering (3)) and back-scattered 
characteristic x-rays (4). These spectra show HPGe detectors have an excellent energy 
resolution compared to the CZT detector on the other hand the CZT detectors have 
better efficiency (good stopping power).
IE-5
ICO 400 600 BOO300 SCO 700
Energy (keV) 
(a)
001
ICO 20C 300 400 500 600 700 800
Energy (keV) 
(b)
Figure 5.12: Measured (black) and simulated (red) spectra of  ^’^ Cs for (a) CZT 
detector and (b) HPGe (c) detector.
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5.8 Conclusion and Discussion
The response function of the HPGe and CZT detectors was investigated and 
presented using experimental and Monte Carlo simulation with variance reduction 
technique (directional bias method). It can be noted that the results obtained with the 
known detector (C) parameters show slight deviation (2%) between the calculated and 
experimental efficiency. This is due to inadequate knowledge of detector parameters 
(e.g. dead layer thickness) and the short time of measurement and simulation. 
Detectors timing properties were calculated and the calibration factor for the timing 
spectrum was found to be 0.229±0.02 ns/channel, as measured from the distance 
between the two peaks delayed by 20ns. The FWHM of the timing spectrum was 
found to be 38.62±0.02ns for the two HPGe (A, C) detectors at 15±0.01cm apart. The 
effects of source-to-detector distance on FWHM and photopeak efficiency of the 
detectors in coincidence are discussed. The photopealc efficiency become worse with 
source-to-detector distance increases while the FWHM become better. In this work, 
the energies used in simulation are of the calibration point sources, thus Monte Carlo 
simulations can predict valuable information to be used for detector calibration.
Considering the three-photon annihilation measurement the energy of interest 
between 280 keV and 480 keV, the absolute efficiency of the detector is required to 
measure the three photons precisely. For accurate efficiency calculations, especially at 
low energies, it is critical that the source and detector model be complete in term of 
parameters specifications.
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Chapter 6
Three Photon Positron Annihilation and Yield Measurement
In this chapter the three photon positron annihilation rate and the three-photon yield 
measurements are presented. The background of the physics of positron annihilations 
into three photons is discussed. Also the main principles of the methods of three- 
photon positron annihilation measurement used are explored. The objective of this 
chapter is to review the previous work done in this field and to apply and assess a new 
technique of indirect three-photon yield measurement (triple coincidence imaging 
technique).
6.1 Introduction
The positron as the antimatter counterpart to the electron has the opposite charge and 
magnetic moment, and the same mass (511.0034 keV/c^) and spin as the electron. The 
positron is stable in vacuum (average lifetime 10^‘ years), whereas in condensed 
matter it typically remains only a short time (10"^° s) before annihilating with an 
electron. Being anti-electrons, positrons are identical to electrons in all respects 
except charge. Thus they behave in solids in ways that are identical in many respects. 
The thermalisation processes and consequent implantation profiles of positrons and 
electrons are very similar, and once they are implanted in a solid (at least in metals 
and semiconductors) the scattering processes that determine the motions of electrons 
and positrons are similar. Figure 6.1 shows the physical properties of positrons when 
undergoing annihilation processes in water.
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Figure 6.1; Physics of positron annihilation 
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In the case of positrons however, it is possible to follow the history of each positron 
after it has thermalised but before it annihilates. The influence on positron diffusion of 
such material properties as internal fields, impurity and defect distributions, and 
spatial changes in composition which occur in microelectronic devices and in layered 
structures such as heterostructures, can all in principle be measured. The annihilation 
of positrons with electrons provides a unique signal. Both the energy and angular 
distributions of the annihilation gamma-rays can be measured and provide 
information about the electronic environment of the positron at the point of 
annihilation. In addition, the rate at which annihilation occurs can be measured and 
provides detailed information about whether the annihilating positron is freely 
diffusing through a lattice or is bound at some type of defect or impurity. Some of the 
processes by which positrons may interact with condensed matter are illustrated (Fig. 
6.2). The positrons may be back scattered from the surface or they may enter the solid 
where they are quickly thermalised (10‘ ’^s) by conduction, electron scattering, 
including plasmon and electron hole pair excitations, and finally by phonon scattering.
Surface Annihilarion
Incident
Positron
Beam
Positronium
7
2^  Free 
^Annihilation
r ^ \ Trapped■d^nnliiiatbnC
y
Figure 6.2: Interaction of positron
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6.2 Review of previous work
Positron can be detected by several methods, the determination of positron lifetimes 
being the one most widely used. Free positron and positronium annihilations can be 
distinguished by the differences in their annihilation lifetimes. The ratio of the 
number of three-photon to two-photon events of the spin averaged free positron 
annihilations is -1/372. If positronium is formed, this ratio will approach the limit 3/1 
for 100% positronium formations because of the three to two distribution of triplet to 
singlet positronium. However, quenching of the ortho-positronium (o-Pg) into para­
positronium (p-Pg) state takes place when ortho-positronium collides with the atoms 
or molecules in the medium. This will reduce the ratio of three-photon to two-photon 
events and also the lifetime of ortho-positronium. Condensed materials have high 
quenching effect, especially in metals (e.g. Al) because of the presence of free 
electrons. In the case of three-photon annihilations, momentum conservation requires 
only that the gamma rays are emitted in the same plane and that no more than two are 
emitted in the same half-plane. The amount of the three gamma yield strongly 
depends on the environment or the medium. For instance, in gases and for very finely 
divided powders the three quantum yield can be very high. In these high yield 
experiments even 4-fold coincidences between the three annihilation photons and the 
positron birth signal accompanying nuclear gamma ray, are observable and direct 
absolute values for the ortho-positronium decay rate can be obtained (Gidley and 
Mai'ko 1976). Three quantum yield measurements and (o-Ps) lifetime spectrometry at 
low temperature are used to study the interaction of positronium with the surface in 
fine powder (Dauwe and Mbungu-Tsumbu 1991). All previous work done in this field 
is based on the following methods of positron annihilation measurement. Positron 
annihilation experiments are generally based on one of the four well-lmown 
techniques:
1. Positron annihilation lifetime (PAL):
Spectra of time intervals between the detection of the fast positron or more 
often a prompt nuclear gamma ray of the annihilation photons are 
measured.
2. Doppler broadening of annihilation radiation (DEAR):
By measuring precisely the shape of the 511 keV annihilation peak with a high 
energy resolution detector (typically using the double coincidence technique)
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the information on the momentum distribution of electrons annihilating with 
positrons can be studied .
3. Angular correlation of annihilation radiation (ACAR):
While DEAR measures the residual electron momentum distribution parallel to 
the direction of annihilation photons, the transversal component can be deduced by 
measuring the deviations of the 2y pair from co-linearity. This method is based on the 
concept that in the laboratory system the momentum of positronium causes a 
deviation from 180® of the angle between the two photons produced from the 
annihilation of the pair. It provides information about the momentum distribution of 
the annihilating electrons. Using this method for different liquid samples showed 
significant decrease in the lifetime of o-Ps, no substantial change in the distribution of 
momentum of the annihilating e’^ -e" pair and an almost constant probability of 
positronium formation with increasing oxygen concentration. This was attributed to 
the formation of PSO2 (Cooper et al 1967) and (Chandra et al 1967).
4. Measurement of the 3y /2y annihilation ratio by triple coincidence technique: 
This method is much less popular than the other three, since it is 
experimentally less practical, and PAL usually gives more specific results.
None of the positron annihilation processes measured by those methods is currently 
captured and utilized by conventional PET.
6.2.1 Methods of Three Photon Measurements
6.2.1.1 Triple Coincidence Technique
The measurement of the relative yields of the three-photon positron annihilation is 
one of the methods for investigating the formation and quenching processes of 
positronium that affect the yield rate of the three photon annihilation. The accurate 
measurement of a three-gamma annihilation by a simple triple coincidence technique 
was studied (Dauwe 1980), the measurement of three gamma electron-positron 
annihilation are valuable tool to be detected although they are small quantities, such 
as in metals and for strongly quenched ortho-positronium annihilation. However, the 
positron source should have a low nuclear gamma per decay yield. Also the 
detectors to be used should have high-energy resolution and high detection efficiency 
(high coincidence efficiency and strict energy discrimination). Good energy 
discrimination will cut out the detectors, cross-talldng noise (peaks 187 keV, 225
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keV). The technique can be improved by using faster pulse processing units such as 
fast differential discriminators and smaller coincidence resolving time. The results 
from triple coincidence technique was good compared to other techniques but it has 
the main problem of getting rid of multiple coincidence events due to the accidental 
coincidences registered with the system of measurement. Raising one of the detectors 
out of the plane while keeping the other two within the plane was the method used to 
correct for random events. Although it was perfect due to the same systematic errors, 
but it will introduce larger statistical noise and error because of the raised detector 
mis-positioning. In this work a new method of correction is applied to correct for the 
accidental coincidences registered within the system of measurement. Also the 
acquired data are collected using a simultaneously sampling analogue to digital 
converter (ADC).
6.2.1.2 Relative yield measurement
Two methods have been used and evaluated to measure three-photon positron 
annihilation. These are the peak-valley method and the peak-to-peak method (Tang 
Xiao 1982). They were used to measure the relative yields of three-photon positron 
annihilation in magnesium oxide. Teflon and porous material silica aerogel. In the 
peak-valley method a single detector (HPGe(c)) was used to measure the counts in the 
511 keV gamma-ray pealc region and in the lower energy valley region 
simultaneously. While in the peak method the counts in the 511 keV pealc only are 
measured for two different samples. The two methods are assessed by using a single 
HPGe detector that has high-energy resolution.
6.2.1.2.1 Peak-to-valley Method
In this method the relative yields of the three photon positron annihilation to two- 
photon positron annihilation (7 3 /7 2 ) was determined by measuring the ratio of the 
counts of gamma rays in the spectrum lower than 511 keV (valley region) emitted 
from three photon positron annihilation to the counts of 511 keV gamma ray peak. 
The main source of errors in this method is that, in this region [0-511 keV] the 
Compton background is present, so it is difficult to extract the three-photon positron 
annihilation information correctly. Usually part of the spectrum [400-500 keV, 
depending on resolution of the detector] is selected as the counts of the valley region 
and corrected (multiplied by a correction factor to derive the total 3y counts) for the 
whole theoretical spectrum of three photon annihilation. If 8 2  and 83 are the absolute
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photopeak efficiencies for the 2y and 3y annihilation photons then the relative yield of 
3y to 2y is:
3 r  
2 r
6.1
Where U is the total number of counts in the selected valley region, Ip is the count of 
the 511keV from 2y annihilation and p is the ratio of the triple to double coincident 
detector efficiency (S3/82). Term KIp is the correction of the counts transferred from 
the peak region due to incomplete charge collection of the detector. Where coefficient 
K can be obtained by measuring the reference aluminum sample.
6.2.1.2.2 The peak-to-peak method
In the peak-to-peak method the counts in the 511 keV full energy photopeak is 
measured only. Two positron samples are used with one sample used as the reference 
sample. This method is more accurate and convenient than the peak-to-valley method 
because only the counts of the 511 keV peak regions are required without need for 
correction of the absolute efficiencies of the detector. Also the errors due to the 
inaccuracy of subtraction of background in the valley region are avoided here. These 
two methods of measuring the three photon positron annihilation rate are used and 
compared under totally identical experimental conditions. The positron source used 
(in sandwich form) is ^^Na with a decay scheme as shown in the Figure 6.3.
3.7 ps
stable
I""
2.602y
1274
y 1274 keV
3"
22i
B.C. (9.5 %) 
P+ 545 keV (90.4 %)
3+(0.1?4)
Figure 6.3: ^^Na decay scheme
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Positron yield is 90.4% and the 1.274 MeV gamma-ray is emitted almost 
simultaneously. If 8 i is the absolute photopeak efficiency of the 511keV photon 
produced from the annihilation of the positron and 8 2  is that of the 1274keV photon 
then for the reference material the count rate can be calculated as:
« 5 1 W = 2 X £ - ,x A 6.2
^ 1 2 7 4 f  2  ^  6.3
where 81 and 8 2  are the absolute photopeak efficiencies for 511 keV and 1274 keV 
gamma-ray pealcs, A is the activity of the source and R is the count rate for the two 
different quanta (Andrulchovich et al 2001) In analogous way for the sample under 
examination:
/?511 = 2 x £- , x A x ( 1 - P 3 ^ )  6.4
^1274 5 “  ^ 2  ^  6.5
where s refers to the sample under investigation and Psy is the probability of 
positronium formation. The count rates of the 1274keV peak should be equal since the 
emission of these quanta does not depend on the formation of positronium. The 
spectrum is normalized in order to have the same count rates under the 1274 keV peak. 
By subtracting the count rates at 51 IkeV peaks the Pgy can be measured according to 
the following equations:
^  ~  ~  ^51 ig =  2 x X P 3J, X A
R .. =  ^ 6.6
The difference K is attributed to the increase of the three-photon positron annihilation 
in the tested sample and the relative yield of three to two photons annihilation is:
J o511 ref
V
5^11,
Yly ^511,
6.7
Summation effects such as registration of simultaneously detected annihilation and 
nuclear quanta cause an increase in the probability of 3y events. However, if the solid
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angle suspended by the sample is less than 2% of 4n then summation effects are 
negligible and corrections are not necessary (Tang et al 1982).
6.3. Experimental Procedure
In the peak-to-peak and the peak-to-valley methods only one detector is used in the 
measurement. The source was placed at a distance so as to obtain statistically 
significant counts in the full energy photopeak area while reducing the effect of the 
summation peak. In the triple coincidence technique (indirect three photon 
annihilation measurement) the detectors are arranged in a plane forming angles of 
about 120 with respect to each other (Figure. 6.6).
6.3.1 Sample materials
The reference materials were Al foils and Cu foils of 90% purity and of 0.25mm 
thickness. The source was placed between the foils; a sandwich arrangement as shown 
in Figure 6.4:
Copper/oils Aluminium foils
Na-22 source
(Foil, width X length: 2cm x 3cm, thickne^:^ Na-22 source :0.25mm. The source attached to the foil surface)
Figure 6.4: Reference materials
The samples under investigation were:
• SiOi powder surrounding a Na-22 source in ajar of glass (Appendix B).
• PTFE foils, Cu and Al foils.
Teflon (PTFE) is a paraffin material which has some or all of its hydrogen replaced 
by fluoride. It is used because it favours the formation of triplet-positronium since the
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quenching is low (Chandra et al 1967). Teflon was placed between the reference 
materials as in the previous samples, enclosing the source inside them.
Cu - foils Teflon
Na-22
Al- foils
Na-22 (^^-foils:2cmx 3cm, Al-foils:1. 5cmx2.5cm,
Teflon foils: 1.5cmx2.5cm. No space between 
the foils and the source. The source in centre)
Figure 6.5: Arrangement for the Teflon 3-gamma yield measurements.
6.3.2 The triple coincidence technique instrument set-up
Three high-energy resolution detectors (HPGe(A,B,C) were arranged in a plane 
forming angles of about 120 with respect to each other. ^^Na (0.32 MBq) sources 
were placed in fine silica powder and sealed in glass containers under a nitrogen 
atmosphere. Triple coincidence events were identified with a timing resolution sets 
(for low counting rates) and the energies in the three channels were registered by a 
simultaneous sampling analogue to digital converter.
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M.V
D3
H.VD2
D1
M.V
TSCA TSCA
TSCA
C cinddauc Unit
Computer-based
MCA
Figure 6.6: Electronic set-up for the triple coincidence technique to measure three 
photon positron annihilation events ( see Appendix B for equipment specifications).
For the triple coincidence method three HPGe detectors were used as shown in the 
above schematic set-up (Fig. 6.6), and figure 6.7 with the source sandwich in the 
geometrical centre. The solid angle subtended by each detector was approximately 
0.05 steradians. The pulses from the detectors are fed into ORTEC amplifiers 
operating in bipolar mode. Energy selection is done by three ORTEC 551 timing 
single channel analysers. The coincidence analysis is done by a CANBERRA 1040 
fast coincidence unit with lower limit for the resolving time of 20ns. The output of the 
fast coincidence enables the ORTEC 426 linear gate that passes the coincidence part 
of the spectrum from detector (D3) delayed by the ORTEC 426A amplifier to the 
multi-channel analyser. The specifications of the units are further described in 
appendix (B).
The resolving time of the coincidence unit is an important parameter since the random 
triple coincidence is proportional to the square of the resolving time, in contrast to the
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real coincidences which are independent (Bell et al 1965). Because of conservation of 
energy and momentum the three photons are only emitted in the same half-plane and
Figure 6.7: Photographs of the three-photon positron annihilation detection system
and the associated electronics.
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no more than two in the same half-plane. The centre axis of each detector was placed 
in the same plane for all three detectors and the same angle between them (120^). 
Thus the 3y annihilation photons detected would have approximately the same energy 
= 2/3mc^ ~ 341keV. The coincidence window of energies is open and the counts are 
recorded from all the coincidence events. The random coincidence counts were 
determined by delaying (delay time is greater than the coincidence time window) the 
system of the measurement electronically.
6.4 Results and analysis
In the peak-to-peak and the peak-to-valley methods only one detector is used for the 
acquisition. The powder source was placed at 25cm (high activity compared to other 
sources) from the HPGe(C) detector and the sandwich source at 15 cm distance from 
the detector. The three-photon positron annihilation yield was found to be 1.51x10'^ 
and 1.18x10'^ from copper and aluminum samples, respectively. The yield was found 
to be 2.13x10'^ from the powder source. Table 6.1 presents results from the triple 
coincidence technique with different sample configurations. The results vary due to 
variations in geometrical efficiency. The powder source sample produces higher 
three-photon yield because it was prepared under nitrogen atmosphere and sealed 
from oxygen in air. While the other sources are all exposed to the free oxygen in air 
which decreases the amount of positronium formation and, hence three photon decay. 
The total events registered are statistically significant (r=0.98 & p=0.01) correlated 
with the amount of three photon yield produced.
Experiment Total events Total count 
rate (C/s)
True 3y 
events
True 3y rate 
(C/s)
Si0 2  powder-i- ^^ Na 163262 0.687±0.002 2923 1.23 X icr^
SiOa powderH- ^^ Na 
(shielded)
150967 0.599±0.002 2746 1.16 X 10'^
Cu 4- ^^ Na 8173 0.056±0.001 37 2.34 X ICr*
Cu + ^^ Na + teflon 12592 0.053±0.001 68 2.86 X 10'4
Al + ^^ Na 9287 0.074±0.001 43 3.51 X lCf4
Al + ^^ Na + teflon 17440 0.073±0.001 118 4.96 X lCf4
Table 6.1: Three-photon yield from the triple coincidence technique
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The results from the two methods (peak-to-peak and peak-to-valley) have shown that 
these methods are not in good agreement (table 6.2 and 6.3). But the experimental 
accuracy of the peak method is certainly better than that utilizing the peak-to-valley. 
The relative yield of (3y/2y) was calculated from equations (6.1 & 6.7) and found to 
be 0.146±0.01 and 0.134±0.01 for the copper and aluminum samples, respectively. 
Although this involves two different materials and using two methods to measure the 
three photon yield, the results show that they are statistically significant (r=0.983 & 
p<0.001) table (6.4 & 6.5). Figure 6.8 shows the increase in three photon due to 
Teflon sample compared to aluminum sample.
Sample Net count rate (c/s) 
511 keV
Net count rate 
(c/s)
1274 keV
Peak-to-peak
ratio
Cu + “ Na 426.17±0.1 158.4±0.1 0.101±0.0004
Cu + “ Na + PTFE 500.9±0.1 92.7±0.1 0.072±0.00003
Al + “ Na 602.5±0.1 221.2±0.3 0.086±0.00002
Al +“ Na + PTFE 697.9±0.2 227.5±0.1 0.100±0.0003
SiOz Powder+ 747.8±0.2 216.1±0.8 0.107±0.00005
22Na
Table 6.2: Peak-to-peak method 
For the peak-to-valley method the 400-500 keV region is used as the valley region.
Sample Net count rate (c/s) 
511 keV Valley 
region
Peak-to- 
valley ratio
Cu + """Na 426.16±0.1 126.3±0.2 0.296±0.00002
Cu + ^^ Na + PTFE 500.9±0.1 73.2±0.2 0.146±0.0004
Al + ^^ Na 602.5±0.1 176.3±0.3 0.293±0.0005
Al + ^^ Na + PTFE 697.9±0.2 152.9±0.3 0.219±0.0004
SiOz Powder+ ^^ Na 747.8±0.2 93.8±0.2 0.125+0.0003
Table 6.3: Peak-to-valley method
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Peak range 980-1010
(Channel number)
Valley range 
(Channel)
610-660 660-710 710-760 760-810 810-860 860-910 910-960
3y
2y
(lO'Z)
Expi
(Cu)
0.149 0.148 0.147 0.147 0.146 0.145 0.143
Expo
(Al)
0.137 0.136 0.135 0.134 0.134 0.133 0.131
Table 6.4: results from peak-to-valley method as the valley region is changed. 
(Energy calibration is 0.52 keV/channel, 610 channel ~ 317.2 keV & 960 channel ~ 499 keV)
Mean Correlation
Std.
Deviation
Std. Error 
Mean
Sgamma/ Cu 0.146 R=0.982 .0019 .00075
Sgamma/ Al 0.134 P<0.001 .0019 .00074
Table 6.5: Analysis of 3gamma from Cu and Al experiments
m OM G -
enE+qe r
7.0E+0B >
w - G.OE+OG
§ S.0E406
3 4.0E+08
3.0E+0G
2DE406
1.0E406
O.OE+00
Al sample 
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Figure 6.8: Shows the increase in three photon positron annihilation due to Teflon
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In addition to the indirect measurement of the three-photon positron annihilation yield 
using the triple coincidence technique, an image of the three photon positron 
annihilation can be produced and its parameters, such as FWHM and signal to noise 
ratio can be calculated as presented in table 6.6.
Experiment
number
Original sources 
position (x, y) 
(±0.01cm)
Recovered
position
(x,y),( ±.01cm)
Shift in cm
(±0.01cm)
FWHM
(±0.1cm)
Signal to 
Noise 
Ratio
Powder
sample
(40.0,38.0) (41.8,37.4) (-1.8, 0.6) 4.47 5.50
Powder
shielded
(40.0,38.0) (44.4,38.6) (-4.4, -0.6) 4.57 4.68
Al sample (41.0,38.5) (43.6,33.4) (2.6, 5.1) 3.87 1.15
Al + Teflon 
sample
(41.0,38.5) (38.6,41.5) (2.4, -3.0) 3.85 0.965
Table 6.6: The original and recovered positions of the sources and spatial resolution
To evaluate the quality of the images the spatial resolution and the signal to noise 
ratio (S/N) are calculated. The full width at half maximum (FWHM) is the radius of a 
circle, which contains the true gamma annihilation events and is found by the standard 
deviations a  of the (x, y):
6.8FWHM = 2.35 + a
The S/N ratio is calculated by estimating the background of the image assuming that 
all the events outside the circle with radius greater than FWHM are considered as 
noise. Then the ratio is:
s i^sl
noise
Tme ennts
sqrt^ack^romd)
6.9
The experimental results shown in table 6.6 were obtained from sources of ^^Na in 
fine silica powder under a nitrogen atmosphere and also sandwiched between two 
sheets of aluminium and Teflon. The energy window to measure the counts remained 
the same for all the samples. The spatial resolution, original and recovered positions 
of the sources are presented in table 6.6. The main source of inaccuracy is the size of 
the detectors and errors due to sources position and detection of randoms and
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scattered events. The non-uniform shape of the reconstructed source is due to the 
system geometry and the energy resolution of the detectors. The apparent point spread 
is about 4.7cm FWHM for the sample of silica powder and this is reduced to 3.8cm 
FWHM for the aluminium and Teflon samples. This spread is due to positron range in 
the actual distribution of the sample. It has been shown that the yield of 3y from the 
aluminium and Teflon samples is much less than that from silica powder (Table 6.3). 
This is due to the oxygen quenching effect that reduces the amount of positronium 
formation. The background noise present is due to accidental and random coincidence 
events. The error calculations and the corrections for full absorption of the particles 
within the sample and scattering due to the medium are presented in (Appendix B).
6.5 Conclusion
The measurement of the yield of three photon positron annihilation events, with 
respect to different source activities and geometries were presented and compared 
using two different methodologies and one new novel technique. The peak-to-peak 
and peak-to-valley methods were compared under identical experimental conditions 
and they are in total agreement. In table 6.4 the results using the peak-to-valley 
method of three photon yield are the same over a wide range of selected valley 
regions. The oxygen effects on the positronium formation were discussed. The 
indirect novel technique (triple coincidence imaging technique) results in less three 
photon positron annihilation yields compared to the other methods and that is due to 
the low probability of registering triple coincidence events and higher probability of 
registering scattered and chance coincidence events. The yield of 3y from the 
aluminium and Teflon samples is much less than that from silica powder which is due 
to the oxygen quenching effect that reduces the amount of positronium formation and 
converts ortho-positronium to para-positronium and decay to 2y. In the powder 
sample signal-to-noise ratio is ~5 times better than in Teflon sample. This is due to 
the high probability of three photon annihilation yield in less oxygenated environment 
Further improvement of three photon positron annihilation yield measurement using 
the triple coincidence technique can be achieved by introducing faster pulse 
processing units such as fast differential discriminators and shorter coincidence 
resolving time.
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Chapter 7 
Three Photon Positron Annihilation Imaging
In this chapter the main concept of three-photon position annihilation imaging is explored in 
order to provide an overview of the technique to be developed as an additional arm to dedicated 
PET. A new analytical technique and methodology for assessing triple coincidence imaging 
techniques is proposed and tested by validation of experimental results. The system to be 
considered for the imaging technique is discussed in broad terms with reference to a block 
diagram. The Monte Carlo simulation technique is used to assess and verify the experimental 
results.
7.1 Introduction
In spite of the relative rai'eness of positron annihilation into three photons, it may still be 
exploited to develop a new imaging modality. It would provide information not only about the 
distribution and local concentration of a radionuclide, but also, by virtue of the chemical 
interactions of positronium, the local chemical environment in tissue. In particular, the 
concentration of free oxygen could be determined, which would be a significant advantage in 
oncological applications of PET. In this chapter I have presented the results of experimental 
imaging of point-like sources using the three photon positron annihilations registered by a 
system of three high-energy resolution detectors in coincidence.
7.2 Three photon positron annihilation
There are several possible routes to positron decay. The most common one is direct annihilation 
with an electron into two colinear back-to-back photons of energy 511 keV. Direct annihilation 
into three coplanar photons occurs with probability about 0.27% (Fig. 6.1). It is also possible for 
the positron to form short-lived bound states, the most frequent of which is the positronium (Ps): 
the bound state of a positron and an electron (Char 01, Hum 01). In water about 30% of positrons 
undergo this route. Due to spin statistics, one quarter of all Pg are formed in the singlet state 
called para-positronium. (p-Pg) while the remaining thiee quarters foim the triplet state called 
ortho-positronium (o-Pg). In vacuum, o-Pg (lifetime 142ns) can only decay to at least 3 photons, 
and its lifetime is much longer than that of p-Pg (0.125ns) or that of a free positron. In condensed
matter interactions with the surrounding electrons typically prevail leading to o-Ps quenching
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either by direct annihilation of the positron with one of the electrons (pick-off process), or to the 
conversion of o-Ps into p-Ps, which then decays rapidly to 2y. Thus, the effective yield of three- 
photon annihilation in matter depends on the rates of o-Ps formation and quenching which in 
turn depend on the physical and chemical properties of the environment. In particular, it is well 
known that free oxygen, similarly to other reactive species, is a strong quencher of o-Ps. As the 
major application of PET is neoplasm diagnosis, the additional measurement of the 3y yield 
could provide valuable information on the state of oxygenation in tumours and the presence of 
hypoxia. The typical three photon yield in condensed media, like water, is of the order of 0.5%, 
but for example, in some fine powders of alkaline oxides, this can be seen to reach up to 20% or 
more (Char 01, Hum 01). Although the rate of 3y decays is small, the positioning information 
conveyed by a single event is much larger (Kac 04) than in the case of 2y, so the total 
information gained from 3y may be significant. Consider a three-photon decay event that occurs 
at a point r  = (x,y,z) (Fig.7.1) the three annihilation photons can have energies between 0 and 
51 IkeV, fulfilling the laws of energy and momentum conservation. Their probability distribution 
P(E],E2,Es) is roughly uniform over the allowed domain ( Ore 49, Pow 49).
Figure 7.1: The concept of three-photon positron annihilation imaging
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If the three photons of energies Ei, Ez, E3 are detected in coincidence by three detectors, then 
from momentum conservation we obtain:
 ^ V — V 77 V— V
=  0c
x~x^
I r - r j 1 ^
x - x ^
|r-rz 1 c k-rsl
c
3^-T i
k-^i! c Ir-r^l c
Z - Z i Z~~ Z2 H-^3.Z Zg
= 0
=  0c i r - r J  c r - r ^ i  c ir-rJ 7.1
and from the law of conservation of energy:
E] + E 2 + E 3 — 'ItHqcP' 7.2
Where me is the electron rest mass. With known detector positions, ri, rz, and rg, the
measurement of energies Ei, Ez, and E3 enables the solution of the non-linear set of equations
(7.1) to determine the point r; the position at which the annihilation took place. Since the three
photons aie co-planar, the set of equations (7.1) can be transformed into a two dimensional one.
Due to the finite energy resolution of the detectors, the location of the annihilation site is
broadened into a region surrounding the non-point sources. In contrast to the 2y decay, in three-
photon decay we get complete information about the position of annihilation from a single event,
rather than requiring a sinogram (LOR). This can be regarded as perfect electronic collimation.
7.3 Experimental procedure and sample preparation
7.3.1 Experimental set-up
For the three-photon positron annihilation detection system, it is important to have a good system 
of optimising and coupling between the output of the detectors and the rest of the counting 
system and this is done by the resistive feedback charge preamplifiers as part of the system. 
Their function is also to minimise any sources of noise that may change or affect the signal 
quality and amplify the signal before it can be recorded.
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7.3.2 Time Pick-off System
7.3.2.1 Spectroscopy amplifiers
The spectroscopy amplifier conventionally provides two primary functions: amplitude gain and 
pulse shaping. Pulse shaping is one of the main functions of the amplifier to correct various 
undesirable consequences of the shaping, which would impair resolution.
7.3.2.2 Timing signal channel analyser (TSCA)
This instrument produces a logic output pulse indicating the presence of a linear input pulse 
within the range determined by the "E" and "AE" settings (differential mode) or merely 
exceeding the "E" setting (integral mode). Thus one can select a range of pulse heights with this 
instrument. Also, the logic output pulse bears a definite time relationship to the lineai' pulse 
causing it. Thus this module converts linear signals to logic signals used in the time coincidence 
experiment. There is also an adjustment to delay the output pulse in time. The timing signal 
channel analysers (TSCA) are used to generate logic pulses that correspond to the energy range 
of interest (energy window of photo-pealc). The energy windows of the timing single channel 
analysers were pre-set from 50 to 600 keV. Also with (TSCA) the signal corresponding to the 
pealc of interest can be identified clearly. Figure 7.2 illustrates the principle of differential 
discriminator (single channel analyser). This instrument places pulses into bins (channels) 
according to their pulse height. The lower level discriminator (LLD) and the upper level 
discriminator (ULD) are independently adjustable from front-panel controls.
In a counting system, the SCA can serve to select only a limited range of amplitudes from all of 
those generated by the detector. A window is set to correspond only to those events in the 
detector, which deposit the full energy of an incident radiation.
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Figure 7.2: Illustration of the operation of a differential discriminator 
or single channel analyser. Of the three input pulses shown 
only that designated 2 will produce an output logic pulse
7.3.3 Triple coincidence measurement unit
The coincident unit that has been used in the system of measurement is a fast coincident unit, 
which combined the pulses that arrived from the three timing signal channel analysers (TSCA). 
It has resolving time range (0.1-1 jlisqc.). This unit can be regarded as an ideal electronic 
collimator and produces a logic output pulse when leading edges of all of the enabled logic 
inputs occur within the set resolving time. The delay adjustment of the single channel analyzers 
was used to observe the number of pulses coming out of the coincidence analyzer (registered on 
a scalar) as a function of the relative delay between the input signals. The width of the plot of 
this data (called a delay curve) yields the time resolution of the device.
7.3.4 Simultaneous Sampling Analogue-to-Digital Converter (ADC)
The ADC used in this measurement has the capability of accepting four sampling channels; it has 
four ports numbered from 0 to 3. Port 0 receives the energy signal from detector (A), Port 1
receives the energy signal from detector (B), Port 2 receives energy signal from detector (C) and
Port 3 receives the timing signal from the triple coincidence unit (Fig. 7.7). All these analogue 
signals will be converted to digital signals before being fed to the computer.
A personal computer analyser supported by Lab View Software under windows operating system 
was used to record and store pulses according to their heights. Each storage is called channel. 
Each pulse is in turns stored in a particular channel corresponding to certain energy. The
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distribution of pulses in the channels is an image of the distribution of the energies of the photon. 
The program is modified to have a facility for adjusting suitable energy windows, collecting 
spectra and obtaining single photon and triple coincidence events (Fig. 7.3).
DotaSiie
3
PM TrigCnt
Level
3!
SemplngRete
f*WZ
ÎTART
Card Number 
C*dl
□•de Source
Internal
Trigger Source
Channel 3
Trigger Mode
Post Trigger
Polarity
Positive
memlDl
linear Addr I
Paüi
%|[i\Adlink\myvis\
1 ' ^  1  Peak Amplitude Peak Amplitude 3 %
Peak Amplitude 2 ^ 9 Peak Amplitude 4 ■ 4 4-"!—!■
Figure 7.3: Represents three photon peaks: (Peak 1 = 338keV, Peak2 = 339keV, Peak3 = 345keV) 
are registered in triple coincidence mode with the ADC card.
7.3.5 Energy signals set-up
The output energy signals that collected from detectors (A, B, and C) will be amplified by three 
spectroscope amplifiers before these signals are fed into the ADC. The settings of the energy 
spectroscopy amplifiers that are connected to detectors (A, B, and C) respectively are shown in 
table (7.1). It is worth mentioning that the outputs of amplifiers were set to the unipolar mode 
because the noise contribution from the gain stages is less than that from the bipolar output mode 
(Can 93).
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A 5.35 10 2 ' Positive Unipolar
B I 6.68
1
10 2 Positive Unipolar
c  !1 12.38___  J
20 2 Positive Unipolar
Table 7.1: Settings of the energy spectroscopy amplifiers.
7.3.6 Timing signals set-up
The coincidence time is the measure of the accuracy in time within which three simultaneous 
events can be detected by the three detectors. When the annihilated photons are recorded, the 
three detectors should trigger the pulse height discriminator at the same time. This time spread in 
response of the three detectors requires that a finite time window setting into the coincidence 
circuit. The timing signals have to be amplified before they will be feed to the triple coincidence 
unit. The technical settings of the timing speed amplifiers that connected to the detectors (A, B, 
and C) respectively shown in table (7.2).
1 ^  1 3.88 30 0.25 Positive Unipolar
B 1 4.99 1
J
20
.
0.40 Positive 1 Unipolar
C !1 3.0 I 100 I 0.25 Positive Unipolar i
----- j ■ — J .. — -,
Table 7.2: Settings of the timing speed amplifiers
After the timing signals have been amplified, they will be fed into the timing signal channel 
analyzers (TSCA), which are used to generate logic pulses that correspond to the energy range of
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interest (energy window of photopeak). The settings for collecting the triple coincidence signal 
of the (TSCA) that is connected to the detectors (A, B, and C) respectively are shown in table 
(7.3).
A 6.68 0.25 6.80
B 5.00 0.11 1.00
C 1.90 0.14 5.20
Table 7.3: Settings of the timing signal channel analyzers (TSCA).
The detected pulses from each detector are processed in two branches; a fast-branch for timing 
and slow-branch for energy analysis. With respect to both fast branches of the circuit, the 
discriminators produce fast logic pulses if the detector pulses are above the required energy level 
(i.e. noise level). The delay option ensures that the signal from a coincidence event arrives late 
after the start signal to operate the time-to-amplitude converter (TAC) in its linear range.
7.4 Procedure of the Measurement
Three high energy resolution detectors (two HP-Ge of diameter x length: 55mm x 51mm and 
42mm x 43mm respectively, and one Ge(Li) 50mm x 35mm) were arranged in a plane forming 
angles of about 120 with respect to each other to form a simple three photon positron 
annihilation scanner (Fig.7.7). Several combinations of point sources were placed between the 
three detectors. Triple coincidence events were identified with timing resolution about 43 ns 
(sufficient for low counting rates) and the energies in the three channels registered by a 
simultaneous sampling ADC using hard and software reliability of the lab view programme 
[appendix C]. The energy windows of the timing single channel analysers were pre-set between 
50 and 600 keV. Figure 7.8 shows the block diagram of the triple coincidence experimental set­
up. The time pick-off block includes amplifier and timing single channel analyser.
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7.5 Energy Calibration of the System
The calibration of the detection system is important in order to have a uniform response and for 
the collected spectra to be quantitative (Figs. 7.4, 7.5). The radiation sources that were used 
during this experimental part of the project in order to calibrate the detection system were ’^ ^Ba 
and ^^Na that have energies range from 81 to 1274keV. These sources were selected to cover the 
entire energy range of interest (less than 511keV) for the three photon positron annihilation 
energies. Spectrum analysis was performed by modifying a program that selects peaks 
corresponding to the energies of interest. The channel number that corresponds to the highest 
count rate of each selected peak was recorded. Applying a least-square fitting of a polynomial, a 
graph of energy against channel number was plotted for each detector. Because, the energy 
calibration of the counting equipment is affected by atmospheric conditions such as temperature, 
humidity etc, the energy calibration has to be performed regularly before each experiment. After 
plotting the linear graphs of energy against channel number for each detector (Fig. 7.5), both 
gradient and intercept points were calculated (table 7.4). These figures were used in the interface 
labview program that correlates the triple coincidence time channel as a trigger with its energy 
channels, in other words synchronization of input signals.
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Figure 7.4: Triple coincidence calibration spectrum (*^^Ba), detector A
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Source Energy (keV) Channel number
Detector A Detector B Detector C
80.998 269 278 312
276.398 920 972 1054
302.853 1007 1067 1154
356.017 1180 1258 1358
383.851 1280 1358 1467
“ Na 511.003 1697 1809 1953
Intercept point (keV) -0.2±0.9 3.12±0.4 -0.2±0.6
Gradient (keV/ch) 0.301±0.001 0.281±0.001 0.262±0.001
Table 7.4: Energy calibration for the Ge-detectors
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100  - D e t e c t o r  B —A — 
D e t e c t o r  A — * —  
D e t e c t o r  C — o —
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Figure 7.5: Linear graphs of energy against channels for the three detectors
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7.6 Sample Preparation
In order to achieve higher 3y yields, thin kapton foil encapsulated point-like ^^Na sources have 
been placed in fine silica powder and sealed in glass containers of diameter 6cm under nitrogen 
atmosphere. The range of positrons in the powder was of about 2 cm and the FWHM of the 
positron distribution around the source is assumed to be 1.1 ±0.01 cm. The 3y yield of the 
samples was of about 10%. Apart from the positron, a gamma of energy 1274 keV is also 
emitted with every decay of ^ ^Na. It therefore increases the probability of random coincidence.
7.7 Three Photons Image Reconstruction
Image reconstruction with thiee-photon annihilation is unlike the complex methods required for 
conventional PET. It only needs to solve numerically the non-linear equation (7.1) to retrieve r 
from a three-photon event. This is done for each event independently, so that the reconstruction 
can be made on-line as new events appear, without the need to wait until the full image is 
registered which speeds up the procedure of image reconstruction. A simple method of image 
reconstruction was developed and used to reconstruct three photon images. Using Maple 
software: the environment of choice for scientific and engineering problem-solving, 
mathematical exploration, data visualisation and technical authoring as a powerful technology 
was interpreted with written subroutines to reconstruct the three photon images [Figure 7.6a, b, 
c]. Figure (7.6a,b,c) shows that the system is able to reproduce the image of one, two and three 
sources placed within the field of view of the measurement. Attenuation correction for 3y events 
is in general difficult. A combination of measurement and calculation approach is needed to 
construct a map of attenuation coefficients p for a single photon energy which is then rescaled to 
p(E) for the whole energy range of interest.
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Figure 7.6a;3Y-image. One thin foil sealed Na“ non-point source of activity 660 kBq, placed in 
sample of fine silica powder in air and nitrogen atmosphere.
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Figure 7.6b: 3y-image. Two thin foils sealed Na^  ^non-point sources of activity 270 and 230 kBq, 
placed in samples of fine silica powder in air and nitrogen atmosphere.
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Figure 7.6c: dy-image. Three thin foils sealed Na“ non-point sources of activity 270, 230 and 660 
kBq, placed in samples of fine süica powder in air and nitrogen atmosphere.
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Figure 7.7; Block diagram of the triple coincidence experimental set-up. The time 
pick-off block includes amplifier and timing single channel analyser
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7.8 Proof of Principle Validated by MCNP
Experimental Results supported by Monte Carlo Simulation
The proof of principle was explored with images obtained in three experiments with 
one and two sources (Figures 7.9 a, c, d). The positions of the sources (activity 270, 
230 and 660 kBq) were well reproduced, Table 7.5. The average apparent point 
spread of about 3.5±0.01cm FWHM is a convolution of the actual size of positron 
distribution in the silica powder and the resolution of the system. Since the energy 
resolution of the detectors is about 0.4 % for the energies around 340 keV, the main 
source of inaccuracy is the size of the detectors, which are rather close to the imaged 
objects producing uncertainty of the actual detection point’s ri, T2 , r^in equation (7.1).
1 (Fig7.9, a) (28,30) (27.31,32.17) (0.69, -2.17) 3.75 10.30
2 (Fig7.9, c) (26,31) (25,32) (1.0,-1) 3.65 14.33
(31,32) (32,31.50) (1.0,1.5) 3.62
3 (Fig7.9, d) (25,29) (25,30) (0.0, -1) 4.60 11.21
(30,31) (30,33.50) (0.0, -2.5) 4.16
Table7.5: The original and recovered positions of the sources and spatial resolutions
The analysis of the experimental results is reinforced by computer simulations. Figure 
7.9b shows the computer simulation of the experiment (Figure 7.9a) with a point 
source producing only 3y annihilations. The specific, non-symmetric shape of the 
reconstructed source is due to the specific geometry of the system. The simulated 
spatial resolution of 3.8±.01 cm FWHM is slight worse (5%) than that in the 
experiment because of the simplified detection process in which the detection 
probability is assumed constant across the face of the detector.
E. Abuelhia 144
Chapter 7 Three Photons Annihilation Imaging
Y (cm)
60
H P G e50-
40-
30-
20 - H P G e
H P G e10 -
20 30 40 6050
X (cm)
a- Single positron source /experimental
■o 3 5 #
X [cm]
b- Monte Carlo Simulation of the experiment (a). Point source was assumed. 
10000 detected 3y events were reconstructed to form the image.
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Figure (7.9: a, c, d): Proof of principle of three photon imaging 
Figure b shows the Monte Carlo simulation 
assessment of one source present at the field of view.
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Apart from the areas representing the source positions, those forming the background 
noise are also present. They result from randomly coincident, partially detected 2y 
events, which fulfil the condition (7.2). The probability of this to happen is rather 
small and in these experiments the level of background is < 10 % of the true 3y events 
with 20 keV tolerance window for the condition (equation 7.2). It can be reduced 
further by tightening the tolerance window, but if it is set too small some of the true 
events will be rejected and their total number decreases (Table 7.6). The correlation 
between the energy window and the amount of the three-photon events detected was 
tested and it was found that they are statistically significant (r = 0.902, p = 0.01). 
Figure 7.10 shows the relationship between three-photon positron annihilation, energy 
windows, spatial resolution and the signal to noise ratio (S/N). The S/N becomes 
better with small energy window and decreases when a wider energy window was set. 
On the other hand the percentage of 3y increases with energy window but the spatial 
resolution (FWHM) becomes worse. This is due to the registration of random and 
scattered events that are treated as true events.
Sum Energy 
W indow 
[keV ± 0.1]
1 2 3 5 10 15 20 25
3y [%] 0.7 1.5 2 2.5 2.9 3.2 3.5 3.7
Signal to 
Noise Ratio 
[±0.01]
48.8 53.2 45.5 34.6 17.0 12.8 10.3 8.7
FW HM 
[cm ± 0.1] 3.49 3.48 3.48 3.53 3.61 3.69 3.75 3.82
Table 7.6: The effect of different energy windows on total registered coincident 
events.
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Figure 7.10: The effect of energy window set-up in, percentage of 3-gamma, 
spatial resolution (FWHM(in cm)) and signal to noise ratio (S/N)
In figure 7.9a the background points are distributed approximately uniformly over the 
area of the triangle spanned by the three detectors. To see it more accurately, 
simulation of the experimental set-up as in (Fig. 7.9a) has been made in which the 
energies in each of the detectors were independent random variables with piecewise 
linear distribution approximating the actual single detector spectrum in the range of 
50 to 480 keV. The reconstructed image is shown in Figure 7.11. It can be seen that 
the distribution of points is smooth and approximately uniform, which is important for 
correction. Exact shape of the distribution can be determined from this kind of 
simulations to correct the background of the images.
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Figure 7.11: Monte Carlo Simulation of randomly coincident events fulfilling the 
condition (7.2). 30000 detected events with single energy in the 
range (50 -  480 keV) were reconstructed to form the image.
7.9 Three Photon Spectral Analysis
While registering the triple coincidence events the energy windows in each of the 
channels were open for all the energies in the range of 0 -  511 keV (except for the 
low energy background) to reflect the real PET scanner situation, although for this 
particular set of detectors the energies of the true 3y annihilations were confined to a 
rather narrow band of around 340 keV. However, with the scanner covering a large 
solid angle around the field of view a wide spectrum has to be accepted and the true 
3y events distinguished from random and scattered coincidences as well as the 
predominant 2y pairs. Figure 7.12a, presents an example of the single detector spectra 
from the triple coincidence measurement before the filtering procedure (a program 
written in in which only events with all Ei < 51 IkeV and fulfilling the condition 
(2) within a preset accuracy are accepted). In this spectrum the three photon peaks are 
present in different positions due to different detector geometries and also the energies 
vary between zero and less that 511keV. Figure 7.12b presents the spectrum of the 
sum of three photons from the three detectors.
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(1, 2 and 3 represent three photon peaks of single detector's energy spectrum. 
They are in different locations due to geometrical differences of the detectors.)
Figure 7.12a: Single detector’s energy spectrum of the triple coincidence events from 
the experiment (Fig. 7.9a) before filtering. (More spectrum from the three HPGe 
detectors without GeLi detector in appendix D)
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Figure 7.12b: Energy sum spectrum (sum of the single spectrum (Fig. 7.12a)) of the 
triple coincidence events from the experiment (Fig. 7.9a) before filtering.
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More spectrum analysis graphs can be seen in appendix D. A quantitative and 
analytical characteristic of the spectra is given in Tables 7.7 and 7.8. In the sum 
spectrum (Fig. 7.12b) the distinctive peak at 1022 keV corresponding to true 3y 
decays can be seen. It represents, however, only about 3-4 % of the total number of 
triple coincidences. Because the average detector efficiency at 340 keV is about 35 %, 
the probability of full energy photopeak detection of all three photons that pass 
through the detectors is only about 4.5 %. The majority of true 3y events are partially 
or not fully detected contributing to the broad peak below 1022 keV. The correlation 
investigated between the source activity and the required count rate is statistically 
significant (r = 0.96, p< 0.05). Figure 7.13 represents the linear relationship between 
the total registered events and random registered events with increase in source 
activity.
Exp. number Activity
[MBq]
Time [hrs] Total
registered
events
Total count 
rate [c/s ]
1 0.52 90 116403 0.359±0.001
2 0.32 51 42433 0.068±0.002
3 0.32 44 30373 0.192±0.001
4 0.30 94 39300 0.116±0.001
5 0.81 94 179506 0.530±0.001
Table 7.7: Total events registered and total count rates acquired
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Exp. True 3y 
events
EE<1022 SE>1022 (1x511) (2x511)
1 4058 (3.5%) 86.9% 9.4% 13% 1%
2 373 (3.0%) 86.5% 10.0% 13.7% 1.1%
3 1242 (4.1) 86.1% 9.7% 12.6% 1.1%
4 1111 (2.8%) 87.4% 9.2% 13.7% T29&
5 3073 (1.7%) 84.4% 13.2% 19.1% 2.4%
In the last four columns percentages o f events are given for which respectively: sum o f the 
energies is smaller than 1022 keV-10 keV (XE<1022), sum o f the energies is greater than 
1022 keV+10 keV, one o f the energies is equal to 51 lkeV±5keV and two o f the energies are
equal to 51 lkeV±5keV.
Table7.8: Total true events registered percentage of one or two 51 IkeV event
included.
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Figure 7.13: Triple coincidence total event, random events versus radioactivity
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The main source of spurious counts is the double 2y random coincidences where two 
511 keV photons pass through two of the detectors, while the third one is hit by one of 
the 1274 keV photons, which is partially detected. The sum energy can then be larger 
or smaller than 1022 keV depending on the energies deposited in the detectors. Events 
with two 511 keV photons fully detected amount to just about 1 % of all counts. In 
most cases the sum energy falls below 1022 keV. At higher activity, when the 
probability of accidental double coincidence grows, the proportion of true 3y counts 
drops down. Random triple coincidences can also arise due to a single 2y annihilation 
when one of the 511 keV photons is Compton scattered from one detector into one of 
the two others, the third one being hit by the 1274 keV gamma-ray, partially detected. 
These kinds of events can be recognised in the single detector spectra in the form of 
two small peaks at about 330 and 180 keV corresponding to the deposited and 
scattered energy of 511 keV photon scattered. Similar events with the 1274 keV 
gamma-ray being scattered are not registered because the deposited energy exceeds 
the upper energy widow. Clearly, the majority of the spurious coincidences arise due 
to the 1274 keV photon emitted by the ^^Na source. The level of background would be 
much lower for a pure positron emitter for eaxample
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7,10 Conclusion
It has been demonstrated that using the simple system of three high-energy 
resolution detectors is able to produce images of three photon positron annihilations 
with fairly good accuracy. The full-peak detected true 3y events amounting to only 
about 3-4% of the total triple coincident counts, but they can be easily identified due 
to the unique sum energy condition. The three-photon positron annihilation sensitivity 
is small due to the small solid angle (^0 .05sr) subtended by the three detectors 
compared to 2n geometry and poor detection efficiency. The most likely appropriate 
detectors to be used for a PET scanner incorporating three photon annihilations are 
the room temperature semiconductors like CZT. Although their energy resolution is 
not as good as that of HPGe, they have a significantly better stopping power and are 
much more convenient to handle without the need of cryogenic cooling.
It has been shown that computer simulations can be effectively used to predict 
the spatial resolution and background noise for a particular scanner design. Monte 
Carlo simulation was used to verify the proof-of-principle of three-photon positron 
annihilation imaging. It can also be used to correct for background and scattered 
events of the reconstructed images. An important step forward would be to measure 
the variability of the three-photon positron annihilation yield in biological samples, in 
particular the dependence on the content of oxygen. Considering the frequent 
application of PET for cancer diagnosis the 3y modality may provide very useful 
information about the level of oxygenation of tumours (hypoxia).
The positions of the sources are reproduced with good accuracy. The influence 
of random triple coincidences arising from the predominant two gamma annihilations, 
which may contribute to image noise, is discussed. The analysis of experimental 
results is reinforced by computer simulations.
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Chapter 8
Performance of Triple Coincidence Imaging
8.1 Introduction
The quantification of functional imaging (blood flow, metabolism and receptor 
characteristics) with PET, especially for small lesions or structures requires 
improvements in instrumentation (Bra 04). Hence, enhance imaging perfoimance 
parameters (e.g. spatial resolution and sensitivity) and algorithmic design to attain better 
image quality and achieve more accurate and automated quantification of physiological 
parameters of interest in clinical and reseai'ch settings (Zai 04). The challenge for 
advance PET instrumentation is the optimisation of the performance in terms of spatial 
resolution, contrast and sensitivity at minimum fabrication and operation cost of the PET 
scanner (Phe 98). Most cun'ent commercial dedicated PET scanners employ conventional 
detector blocks (except the continuous positioning detector technology used by Philips 
Medical Systems) consisting of several stacked rings of inorganic scintillating crystals 
radially oriented and readout on the back side by standard photomultiplier tubes (PMTs) 
or multi-anode PMTs. In gamma ray imaging applications, direct detection of gamma 
rays by semiconductor materials offers several advantages over conventional scintillator 
based detectors. These advantages are excellent energy resolution, high detector spatial 
resolution using pixelated detector arrays comprised of very small elements, compact 
detector size and highly integrated detector and readout electronics configuration. HPGe 
detectors have good energy resolution (0.3%). However, they can not be used in practical 
clinical PET because of their need for cryogenic cooling. Their use for a dedicated small 
animal PET system have been investigated (Phi 02). Semiconductors like CZT which can 
be operated at room temperature could improve PET imaging technology (Mos 94). The 
main purpose of approaching the new materials is the improvement in intrinsic spatial 
resolution which will improve the image quality, particularly in small animal PET 
systems (Sti 05). For application in PET however, there is a critical requirement for good 
coincidence timing resolution (San 04). This, allows having a narrow timing window to 
be set, and will minimize all types of random coincidence events, although it will also 
reduce the detection of the true events. Coincidence timing response is poor in
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semiconductor detectors because of slow charge transport and variation in charge 
collection time. In this chapter, the energy and coincidence timing resolution of three 
high pure germanium detectors that have good spectroscopy performance are investigated. 
The spatial resolution as a function of detector position, detector size and energy window 
is discussed. The count rate performance of the triple coincidence imaging technique for 
three photon positron annihilations processes was also studied.
8.2 Theory and Model
8.2.1 Analytical Model for Triple Coincidence Techniques
8.2.1.1 The singles rate, true and random triple coincidence events
Consider a uniform object containing activity, A, the singles rate of the three-photon in a 
detector (negligible dead time), can be expressed as:
K  = ■^341 e x p 8.1
where is the window efficiency (the fraction of photons of energy 341keV incident 
on detectors that give rise to a signal that satisfies the energy window constraints), is
the positron decay fraction, p is the linear attenuation coefficient of the object medium 
and Ls is the path length which leads to the average attenuation in a single event. is 
the average fraction of 4%: solid angle subtended by detectors for single photons. The true 
triple coincidence rate (in case of symmetry), , can be similarly written as:
Rt = X Ax xexp^
8.2w i - r= el,, x K
is different from because of an angular restriction on the detection of the three 
photons, and the path length producing the average attenuation is also different from the
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singles case. The product of the coincidence resolving time and the singles rates cubed in 
any three detectors gives the random coincidence rate, R^ :
=  2r,. X x A ^ x  /  \  x x 
=  2 ^ r X ^ 3 4 l X ^ r
where r,. is the detector resolving time (coincidence window ~ 2 )
andi^^ = A x  xexp(- juL^). In triple coincidence setting, the system dead time may
be related to coincidence rates and adequately characterised by a paralysable dead time, 
Td, which reduces the count rate that could be measured without dead time, R, by a factor 
exp (-Rt Td) (Kno 01), where Rt is the total coincidence count rate, due to true and random 
counts. Putting this factor into equation (8.2) we obtain the dead time-corrected true 
coincidence rate, Rt
R, = e l ,  x K , x  e x p i - { K ,  + 2 r ^ K l ) e l ,T ^  ) 8.4
Similarly, equation (8.3) can be modified to obtain the dead time-corrected random 
coincidence rate, R/.
R , = 2t  ^X s l , K ^  x e x p ( - ( K ,  + 8.5
8.2.2 Count Rate Performance
In order to study count-rate performance (as described in chapter 3 section 3.3.3) the 
three basic event types normally encountered in PET: true events, random and scattered 
events must be considered. The dominant effect on count rate is the positron decay 
fraction, prompt gamma that emitted in addition to the annihilation photon, directly 
affecting the rate of the true, random and scattered coincidences by being detected within 
the coincidence energy window.
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8.3 Experimental Procedure
The same detectors that were used for proof of principle experiments (chapter 7) were 
arranged in a plane forming angles of about 120 with respect to each other (Ore 49), 
(Ben 54) to form a simple three photon positron annihilation scanner. In order to have 
high positronium formation, hence high 3y yields, thin kapton foil encapsulated point-like 
^^Na sources have been placed in fine silica powder and sealed in glass containers of 
diameter 6cm under nitrogen atmosphere. The range of positrons in the powder was about 
2 cm and the FWHM of the positron distribution around the source about 1.1 cm. The 
triple coincidence events were identified with a lower timing resolution window of about 
38ns (sufficient for low counting rates). The energies in the three channels were 
registered by a simultaneous sampling ADC. The results of measurement aie a set of 
triples (E l, E%, Eg) where E i, E 2, Eg are the energies of photon in each of the detectors.
8.3.1 Coincidence Timing Measurements
In application for positron emission tomography (PET) where timing information must be 
obtained from the pulse, both the rise time and the detailed shape of the leading edge of 
the pulse become important when considering various time pick-off methods. It is 
necessary for shaping times of the pulse-processing electronics to be substantially larger 
than the longest rise time likely to be encountered from the detector if resolution loss due 
to ballistic deficit is to be avoided. The time resolution of the HPGe detectors depends 
both on the overall average rise time and the variation in the pulse shape from event to 
event. The time resolution for these detectors was assessed in order to check for 
coincidence time suitability to setup the triple coincidence measurement for three photon 
positron annihilation. In Chapter 5, Figure 5.4 section 5.6.1 the output signal from the 
pairs of detectors facing a point source was preamplified and shaped with ORTEC672 
amplifiers. Each amplifier output was fed to an Ortec 455 timing single channel analyzer 
(TSCA). Timing spectra were measured to determine the coincidence timing resolution 
capability of the HPGe detectors when irradiated with ^^Na, as a function of energy and 
detector positions. The FWHM coincidence resolution was 53.1±0.5ns when both
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detectors are set to 10 cm apart from the source (Fig. 8.1). The ratio of the FWTM to the 
FWHM is 1.71 is close to a Gaussian shape (1.83).
2 50
FWH M 231 ns^ch * 53.1 ns
225 - FWTM * 395ns/ch
200  -
3OO
50 .
0 100 200 400 600 700 800 900 1000
Channel
Figure 8.1: Timing resolution measurement 
8.3.2 Analytical model estimation
Consider three identical detectors facing each other irradiated by a point source located at 
the centre point between the detectors (Fig. 8.2). The random coincidence count rate can 
be estimated by measuring the single rate in each detector as in equation [8.3]. 
Unfortunately this method doesn’t account for the electronics dead-time arising from the 
coincidence-processing circuitry (to which the randoms in the coincidence data are 
subject).
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Figure 8.2: Block diagram of three-photon annihilation imaging.
Each detector generates pulses, which pass to time pick-off units. Timing signals from  
the pick-off units are passed to a coincidence unit with timing window o f r. I f  pulses 
overlap, then logic signal is generated and passed as a trigger to the simultaneous 
sampling analogue-to-digital- converter (ADC).
8.3.3 Delayed Coincidence Channel Estimation
The delayed channel method is the most accurate and currently the most commonly 
implemented for estimating the randoms. The count rate of randoms events from the 
triple coincidence technique can be estimated by applying to each channel a different 
time delay so that the time delay differences between detector pairs are larger than the 
coincidence time window. This delay removes the correlation between pairs of events 
arising from single annihilations. Therefore, the detected delayed coincidences are
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inevitably randoms and are used to estimate the count rate of randoms. The resulting 
coincidences are then subtracted from the coincidences in the prompt channel to yield the 
number of true and scattered coincidences. In this method the coincidences in the delayed 
channel encounter exactly the same dead-time environment as the coincidence in the 
prompt channel, and the accuracy of the randoms estimate is not affected by the time- 
dependence of the activity distribution. Although it is accurate the method is subjected to 
Poisson counting statistics (statistical noise due to randoms).
8.3.4 Three Photons Image Reconstruction
Image reconstruction in this study carried out for the performance of the detectors is the 
same as has been described in Chapter 7, section (7.7). Only in respect in which the 
experimental arrangement and procedure differs from that which was employed in 
determining the three photons annihilation image. It has been demonstrated that the 
simple system of three high-energy resolution detectors is able to produce images of 3y 
annihillations with fairly good accuracy (Abu 05). The result is a set of triples energies 
(El, E2, and E3) obtained in each of the detectors. In order to extract the events 
coiTesponding to full energy photopeak detected 3y. annihilations, filtering has to be 
performed. In this only events with all Ei < SllkeV  and fulfilling the condition (7.2) in 
section 7.2 (chapter 7) within a preset accuracy are accepted. Using equation (7.1) in 
section 7.2 series of annihilation sites rj can be obtained, and the proper image 
reconstructed. Each point corresponds to a single 3y event. The density of points in a 
given region is proportional to the concentration of the radionuclide as well as the 3y 
yield in that region. The image formed as a set of dots (Fig. 8.3 a, b) each coiresponding 
to single 3y positronium decay. It is clear that the location of the annihilation broadens 
into a region surrounding the point r; this broadening (point spread) is due to detector 
energy resolution and size and is a combination of enors in photon energy and position 
detection. Therefore, the spatial resolution is directly affected by the finite size and 
energy resolution of the detectors. The spatial resolution (spread of a point source) was 
studied as a function of detectors positions in the field of view and energy window (Fig. 
8.4). After image reconstruction, mean, standard deviation and FWHM were calculated
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from different experimental arrangements and found in the range between 3.4±0.1cm to 
3.8±0.1cm with a mean of 3.5±0.01cm, with no correction to finite source dimension. 
The spatial resolution could improve by narrowing the energy window around the 341 
keV peak but it will deteriorate the sensitivity.
Y [cm] A G
%
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Y [cm] #
#
io 20
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Figure 8.3: The circles A, B and C represent the detector positions with respect to a 
reference point in (x, y) plane, a, b are three-photon images reconstructed as described in 
image reconstruction section and c, d are their filtered images with FWHM of 3.41 and 
3.73cm respectively. In 8.3a the timing resolution was 20ns where as in 8.3b the timing 
resolution was 50ns.
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Figure 8.4: FWHM versus energy windows
The counting rate of the true and random three-photon decay is determined by measuring 
the three photon events from triple coincidence as arranged in the block diagram figure 
8.2. Also 3y events were studied as a function of energy window and detector position 
(Table 8.1). The optimum position (pin-point) for the 3y events to be detected is when the 
detectors are 13cm from the source: putting the detector closer will only increase the 
accidental events with no improvement in the true 3y events. At higher activity, when the 
probability of chance double coincidence grows, the proportion of true 3y counts drops. 
The count rate of random events from triple coincidence technique was estimated by 
applying; first to one channel only a time delay (this will break the condition in equation 
(7.2)), second to two channels so that the time delay differences between detector pairs 
are larger than the coincidence time window. Both delay techniques resulted in same 
outcome (Table 8.2).
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Figure 8.5: Three photon events versus activity and energy windows
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Distances
(source-to
-detector)
±lcm
Total
Events
Energy windows
5keV lOkeV 15keV 20keV 25keV
3y % 3y % 3y % 3y % 3y %
9.0 775303 2573 0.3 5152 0.7 7262 0.9 8877 1.1 10299 1.3
13.0 214615 1649 0.8 3280 1.5 4189 2.0 4894 2.3 5467 2.5
17.0 130005 1037 0.8 1820 1.4 2246 1.7 2603 2.0 2872 2.2
Table 8.1.The effect of windows set-up and distances on total true and scattered events 
“Column one shows detectors positioned at different distances from the source (^^Na: 
0.361MBq), to see the effect of scanner size on detection of three-photon annihilation. 
Total events are the events registered and include true events (3y) and scattered events 
(accidental events; from SllkeV  & prompt 1274 keV which are partially detected).”
Triple
coincidence
Exp.
Total count 
rate (c/s)
3y
events
ZE<1022 EE>1022 (1x511) (2x511)
1 0.147±0.001 2.3% 89.75% 8% 15.9% 1%
1* 0.129+0.001 0.5% 98.1% 1.5% 15.5% 03%
0.122±0.001 0.5% 97.8% 1.8% 15.2% 03%
2 8.47±0.020 1.2% 93.1% 5.6% 15.4% 0.9%
2* 2.686±0.011 .4% 98.3% 1.3% 14.5% 0.3%
Table 8.2: Delay coincidence technique (estimation of random event count rate) 
“Percentages of events are given for which respectively: sum of the energies is smaller 
than 1022 keV-10 keV (ZE<1022), sum of the energies is greater than 1022 keV+10 keV, 
one of the energies is equal to 511keV±5keV and two of the energies are equal to 
511keV±5keV. (*) Only one channel was delayed. (**) Two channels were delayed (with 
time greater than (2x)).”
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With the scanner covering relatively large solid angle around the field of view a wide 
spectrum has to be accepted and the true 3y events distinguished from random and 
scattered coincidences as well as the predominant 2y pairs. Figure (8 .6  a, b) represents an 
example of the Gaussian fit for single detector spectra from the triple coincidence 
measurement after the filtering procedure, and the spectrum of the sum of energies 
respectively. A quantitative representation of the spectra is given in Table 8.2. Figure 8.7  
shows the corrected true and random events versus the activity. At higher activity the true 
three photon decay rate is reduced while the amount of the accidental events increased. 
The main source of accidental events is due to the double 2y random coincidences, where 
two 511 keV photons pass through two of the detectors while the third detector is hit by 
prompt 1274 keV photons (^^Na), which is partially detected. The sum energy can be then 
larger or smaller than 1022 keV depending on the energies deposited in the detectors. 
Events with two 511 keV photons fully detected amount to just about 1 % of all counts 
without delay and about 0.3%  with the delay technique (Table 8.2). Random triple 
coincidences can also arise due to a single 2y annihilation when one of the 511 keV 
photons is Compton scattered from one detector into one of the two others, the third one 
being hit by the 1274 keV gamma-ray which is partially detected.
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Figure 8.6: a-Single detector spectra from the triple coincidence measurement
after filtering procedure, and b- the spectrum of the sum of energies in keV.
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Figure 8.7: Corrected true and random events versus activity
E . Abuelhia -L6Z
Chapter 8______________________________________________Performance ofTrivle Coincidence Imasins
A ssessm ent of the spatial resolution (FWHM) of the three photon positron 
annihilation Image as a function of (scanner size, detector’s  size and 
energy resolution of the detectors)
For quantitative analysis of PET images, several image-degrading effects must be 
accounted for, including poor signal-to-noise ratio, limited spatial resolution, and 
spatially-varying loss or corruption of signal due to photon interactions with matter. 
Photon attenuation and contributions from scattered photons reduce the accuracy of 
measured activities and activity concentrations (Zai 00, Zai 03). Limited spatial 
resolution causes an object to appear enlarged if its true size is less than 2-3 times the 
system resolution. While the total reconstructed counts within the object are conserved, 
the count density is decreased from the true value because the data are smeared over a 
large area “paitial volume effect”. Three-photon positron annihilation imaging requires 
high-energy resolution detectors, it is attainable with CZT semiconductor detectors which 
seem to be the technology of choice for the future development of radiation imaging. 
Three photon positron annihilation has been studied using Monte Carlo simulation and a 
good result was obtained for a comparison between human and small animal PET 
scanners (Kacperski and Spyrou, 2005). In this work the spatial resolution of three- 
photon positron annihilation was studied as a function of detector parameters mentioned 
previously and good results were obtained for a simple three photon positron annihilation 
scanner.
8.3.5.1 Effect of scanner size on spatial resolution
The effect of scanner size on the performance of three photon imaging was investigated. 
The effect of the scanner size on spatial resolution (FWHM) was studied by adapting and 
moving the three detectors simultaneously apart (away from the source) while the source 
was kept at the same position thus changing the diameter of the scanner. The detector-to- 
source distance for each detector was kept constant and similar for all detectors in 
coincidence in order to have approximately the same geometrical effect. The acquisition 
time for collecting the three photon spectra is similar for all the measurements. Figure 8.8 
shows how the three detectors respond individually to the radiation source in the field of 
view. The count rate represents the total registered events (true + scattered). The variation
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in the count rate is due to the different solid angles subtended for each detector to the 
irradiated source (geometrical differences) and the detectors also vary in efficiency due to 
different detector crystal size.
detector A [ 
detector B I 
detector C I
10 15 20
Source-detector distance (cm)
Figure 8.8: Variation on count rate against source-detector distance for three detectors 
(Crystal diameters; A= 44mm, B= 55mm and C= 66.5mm)
In placing the detectors far from the source (large scanner radius) smaller count rates due 
to the effect of distance on detector absolute efficiency is obtained. All the detectors have 
approximately the same response function for the three-photon annihilation events at 
optimum distance. Figure 8.9 shows how the true detected three-photon events vary with 
the scanner size and are statistically significant with correlation coefficient (r=0.91). This 
is obvious, proof that small animal scanners (small diameter) will have higher efficiency 
for detecting three photon events than larger diameter scanners.
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Figure 8.9: Effect of scanner size on three-photon positron annihilation
Figure 8.10 represents the result of Monte Carlo simulation of the spatial resolution as a
function of scanner diameter. Assuming perfect detection of photon energy, or position,
and modelling errors in both. It is clearly that energy resolution depends on scanner size.
Reducing the scanner size is desirable for three photon detection, and hence good spatial 
resolution.
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Figure 8.10: Point spread function as a function of scanner diameter
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8.3.5.2 Effect of detector size on the spatial resolution (FWHM) of three
photon images
The effect of HPGe detector size on three-photon positron annihilation collection was 
studied by varying the detector size. Different collimator slit sizes were used to resize the 
detectors. The measurements were carried with the same acquisition time, detector 
positions and source strength. Each detector in triple coincidence was setup with 
collimator slit sizes of 1.5, 3, 4.5 and 7.5 cm for a constant detector diameter. The three- 
photon positron annihilation yield was measured by the triple coincidence technique each 
time. The spatial resolution (the spread of the point source) of the image was calculated 
and found to be 4.6±0.1, 4.9±0.1, 5.1 ±0.1 and 5.9 ±0.1 cm respectively. Figure 8.11 
shows how three photon annihilation detection relies on detector size; with small 
collimator slit size only 10% three photon events will be collected with good spatial 
resolution while for a large detector about 80% events will be detected. Decreasing the 
size of detectors, without improving their energy resolution, wouldn’t improve the 
detection of the three photon events. For the small scanner size (small animal scanner) 
reducing the detector size would improve the spatial resolution. A small collimator slit 
size will have very good spatial resolution for three photon annihilation events compared 
to a larger one.
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Figure 8.11: Effect of collimator slit size for 7.5cm diameter HPGe detector on three-
photon positron annihilation.
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Figure 8.12 shows, when detector size increases (high count rate) the energy resolution 
deteriorates. The size of the detector can affect the point-spread function (FWHM) of the 
image of the three-photon positron annihilations detected. The amount of three-photon 
positron annihilation events increase with the increase in detector size but that doesn’t 
mean that image quality improves because the spatial resolution (FWHM) deteriorates 
when the detector size increases.
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Figure 8.12: Effect of collimator slit size on FWHM and three-photon annihilation.
Figures 8.13 (a, b, c) show cleaiiy how the size of the detector can affect the point spread 
function of the image of the three photon positron annihilation. The amount of three- 
photon positron annihilation events increases with the increase in detector size but that 
does not mean that image quality improves because the spatial resolution (FWHM) 
deteriorates when the detector size increases (Fig. 8.12). When comparing the results of 
the point spread functions due to resizing of the detectors, although the same sizes are set 
for the three detectors at a time, the results are different. Different manufacture 
specifications of the detectors and introduction of errors in the measurements this is as 
expected.
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Figure 8.13: For detectors A, B and C a single spectrum is shown for 
true three photon events studied as a function of collimator slit size 
(resizing the detector).
Figure 8.14 shows how the energy resolution (FWHM) of each detector used is affected 
by the variation of the count rate under the photopeak. Better energy resolution enables 
the system to more clearly separate the peaks within a spectrum. The FWHM of each 
detector used was affected by the variation of count rate under the photopeak, hence, its 
capability of resolving three photon events deteriorated. The effect varies from one 
detector to another because of the geometrical differences. However, all detectors show 
deterioration in energy resolution at higher-count rates. In previous sections we show that 
the good energy resolution of the detector is critical for three photon annihilation events.
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Figure 8.14: Energy resolution versus count rate for each of the Ge detectors “changing 
source-detector distance and measuring count rate and FWHM of the photopeak’
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Figure 8.15 represents the quantity of three photon events that can be detected versus the 
detector spatial resolution (FWHM). Good detection with good detector FWHM.
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Figure 8.15: Three-photon annihilation versus detector FWHM (±0.1cm)
8.3.S.3 Effect of position of detectors relative to source in FOV on spatial resolution
Point spread function (FWHM) of the image profile
The Point Spread Function (FWHM) describes the shape of the image produced on the 
detector by a delta function (point source). Also known as 'Point Response Function of 
the detector. It is a useful measure how each detector in the system spreads the image of a 
point, and estimating point spread function is an established method for testing the 
quality of an overall imaging system. The spatial resolution (point spread function of the 
source) was studied as a function of scanner size. The effect of position of the detectors 
relative to the point source in the scanner field of view on three-photon positron 
annihilation events was studied by positioning the detectors for triple coincidence at 
distances: 5, 10, 15, and 20cm from the point source. The spatial resolution was 
calculated using the Gaussian function: the spatial resolution (FWHM) can be
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approximated using a Gaussian function (o- = where a is the standard deviation
of the Gaussian function. It was found to be 3.0, 3.1, 4.7 and 5.2 ±0.1cm respectively. 
Figure 8.16 shows the spectrum of the sum of the three-photon positron annihilation with 
the point source positioned relative to the detector distances. A combination of the errors 
due to photon energy and detection position can be clearly identified. The energy error 
contribution increases when the detectors are close to the source (contribution from the 
scattered energy with the peak position shifting slightly), while the photon position error 
decreases when the distance increases from the point source at the centre of the field of 
view.
1 0cm i
T 20cm \
1000 1005 1010 1015 1020 1025 1030 1035 1040 1045
Energy (keV)
Figure 8.16: Shows the spread on the point source image of the three photon events with 
detectors positioned at different distances from the point source in field of view.
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8.4 Conclusion and discussion
To introduce the three-photon technique to dedicated PET, high-energy resolution 
detectors are needed to improve the quality of the image and reduce the noise due to 
scattered events. The accidental coincidences can be easily suppressed by narrowing the 
energy window around (341 keV) at the expense of sensitivity. To obtain three-photon 
image the detectors should not be too close or too far from the object. The performance 
of semiconductor detectors with triple coincidence imaging capabilities, for positron 
decay into three-photon annihilation processes was investigated in order to combine this 
novel imaging modality with conventional positron emission tomography (PET) in 
medical diagnosis. The experimental results of the critical performance parameters to be 
determined if a semiconductor detector material is to be used in PET are presented and 
could serve as a reference when the design of a new scanner is proposed. The count rate 
performance and the spatial resolution as a function of detector positions and energy 
window were studied. The spatial resolution was measured in different experimental 
arrangements and found in the range between 3.4±0.1 to 3.8±0.1cm with a mean of 
3.5±0.1cm, with no correction to finite source dimension. Image noise (from scattered 
events and random events) has to be considered simultaneously because the unique 
properties of three-photon decay (energy condition (7.2)) can distinguish true events from 
accidental coincidence events. In this study the main source of accidental coincidence is 
due to one 511 or two 511 and gamma-ray line of 1274keV of ^^Na that are scattered or 
partially detected within the three-photon energy spectrum. These can be easily 
suppressed by narrowing the window around (341 keV). Because the energy window of 
the triple coincidence was open for all events to be detected. The contribution of three 
photon attenuation is not discussed here. It is difficult to correct for thiee photon 
attenuation experimentally (lower energy and longer effective path) but it can be 
estimated by Monte Carlo simulation and obtaining a map of attenuation coefficient for 
an object. The energy resolution was assessed versus the count rate; it was found to 
deteriorate with increase of count rate. The effect of detector and scanner size on spatial 
resolution was discussed. Reducing scanner size is good from the point of view of three- 
photon position annihilation imaging to have good spatial resolution. Variation on 
scanner size (scanner diameter) affects the point spread function of the three photon
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position annihilation image profile and introduces a combination of errors due to photon 
energy and detection position.
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Chapter 9 
Conclusions and Future Work
Today, research and clinical work is concentrating on the use of PET as a 
multimodality system for more specific oncology areas such as responses to therapy 
applications and radiotherapy treatment planning. FDG-PET has demonstrated a 
certain amount of success in these areas and the advent of new labelled positron 
emitting pharmaceuticals, developed to probe particular molecular targets, are 
expected to be in the forefront of these new imaging applications. In this thesis, the 
work is an approach to the new addition of a novel modality of 3y PET to 2y 
conventional PET. At present 3y events are entirely ignored in PET together with the 
information they carry.
The potential use of three-photon positron annihilation processes as a new 
imaging modality for positron emission tomography was explored. In order to 
introduce the three-photon technique to dedicated PET, high-energy resolution 
detectors are needed to improve the quality of the image and reduce the noise due to 
scattered events arising from Compton scattering which do not correspond to 3y 
events. In addition, the detector should have high detection efficiency at energies of 
interest (typically between 280 and 480 keV), as well as fast timing response. By 
knowing the absolute photopeak efficiencies of the detectors the true 3y events can be 
predicted.
Characterisation of semiconductor detectors was performed in this thesis in 
order to obtain good functional response and to evaluate the suitability of the 
detectors in a three-photon annihilation detection system. Monte Carlo simulation was 
used inclusively to validate the experimental results and simulations have shown that 
detector efficiencies can be adequately modelled using the photon transport method. 
The detector’s diameter and thicloiess define the sensitivity as the thickness directly 
influences the energy beyond which the efficiency starts to decrease sharply while the 
diameter affects the spatial resolution and the efficiency at a given detector-to-source 
distance. In this work, investigation of the effects of detector thickness on the 
counting efficiency has shown that a 44mm detector diameter is adequate for energies 
greater than 80 keV. At higher photon energies, the counting efficiency begins to 
increase as the thicloiess of the detector increases and that was expected.
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Considering three-photon annihilation measurements in the energy range of 
interest between 280 and 480, the efficiency of the HPGe detector with an entrance 
window thickness of 5mm, will be increased 5 times, if the crystal thickness was 
increased from 20mm to 30mm. Therefore the simulation calculations suggest that the 
detection of three photons requires a scanner with crystal thickness approximately 
3cm. Superiority of germanium detectors in terms of energy resolution was confirmed 
experimentally. At 34IkeV Ge-A had an energy resolution calculated to be 0.6%, Ge- 
B 1.1% and Ge-C 0.5%, while the respective values for the CZT detectors were 3.2%, 
3.0% and 3.3% respectively.
The optimum timing resolution for the three germanium detectors used was 
found to be 38.6±2ns. Although the same steps were followed, it was not possible to 
measure the timing resolution of the three CZT detectors. Nevertheless, the outcome 
from the 3y experiments revealed that their timing response was poor. Many 
experiments were carried out using CZT detectors without being able to obtain 
consistent and satisfactory results. This is due to poor timing resolution of the 
particular CZT detectors used. Their poor timing resolution in conjunction with their 
very small crystal size (10 x 10 mm) show that these particular detectors are not 
appropriate for coincidence circuit measurements and so no valid conclusions for the 
suitability of CZT detectors in 3y PET imaging can be extrapolated from the specific 
experimental set-up.
A new three photon yield measurement method (indirect novel technique) to 
correct for scattered and random events in the three-photon positron annihilation 
imaging technique is proposed. The measurement of the yield of three photon positron 
annihilation events, with respect to different source activities and geometries were 
presented and compared with previous methods, namely peak-to-peak and peak-to- 
valley methods. When a positron source was placed in a silica powder sample the 
signal-to-noise ratio was approximately 5 times higher than in a Teflon sample. This 
is because of the high probability of three photon annihilation yields in less 
oxygenated environments. The indirect novel technique results in fewer three photon 
positron annihilation yields compared to the other methods which is due to the low 
probability of registering triple coincidence events. This can be improved by 
introducing faster pulse processing units such as fast differential discriminators and 
shorter coincidence resolving time.
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In the proof-of-principle experiments it was shown that the simple system of 
three high-energy resolution detectors is able to produce images of the distribution of 
three photon positron annihilations events. It is a first step towards the development of 
a scanner for a new imaging modality. The method was investigated using Monte 
Carlo simulation results and experimental data acquired in order to verify the proof- 
of-principle. Monte Carlo simulations were also used to correct for background and 
scattered events of the reconstructed images. The influences of random triple 
coincidences arising from the predominant two gamma annihilations that contribute to 
the noise in the images are discussed within the thesis.
In order to correct for random and scattered events from three-photon positron 
annihilation and to have accurate results, a new delay estimation technique was 
employed with a timing window greater than the system’s resolving time. In some of 
the experiments different values of delayed timing windows were employed in one 
detector as well as in two detectors in order to extract the random events for the 
coincidence imaging experiments. As was expected the experiments gave the same 
results and show that it is only necessary to delay the signal of one detector by maldng 
it several times the resolving time of the whole system in order to count precisely the 
random events (table 8.2). This is a consequence of removing the correlation between 
three photon events arising from single annihilation. However, it is difficult to correct 
for three-photon attenuation experimentally (lower energy photons and therefore 
longer effective path than in conventional two-photon annihilation PET) but it can be 
estimated by Monte Caiio simulation to obtain maps of the distribution of attenuation 
coefficients for an object
Analytical models have been developed based on the novel imaging technique 
to obtain quantitative information from the detection system. The image quality and 
the important parameters that affect the proposed scanner design and performance 
were experimentally evaluated.
Spatial resolution is one of the critical parameters that are required to enhance 
imaging in PET, for quantification of functional information, especially if small 
lesions or structures are to be detected. Spatial resolution was assessed for the 
important parameters that are necessary for the new scanner design for three-photon 
positron annihilation. The spatial resolution was measured for different experimental
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arrangements and found to be in the range between 3.4±1 and 3.8±lcm with a mean 
of 3.5±lcm. The energy resolution was also assessed versus the count rate and was 
found to deteriorate with increasing count rate. The effect of detector and scanner size 
on spatial resolution was discussed and confirmed that small scanner diameter will 
improve the spatial resolution.
Future work
Three-photon positron annihilation as a new imaging modality can be 
developed as a non-invasive method for detection of tumour hypoxia. One can predict 
that as the oxygen has highly quenched o-Ps lifetimes in pure oxygen, the low oxygen 
level in hypoxic regions will give higher three gamma yield events than in more 
oxygenated regions. Therefore if the work is continued so as to obtain images of 
samples with varying oxygen level, it may be possible that hypoxic (or necrotic) 
tissue can be imaged directly as ‘hot spots’. Also the image of 2y can be mapped with 
that of 3y and new valuable information can be extracted. This information may be 
important in treatments involving external beam radiotherapy and may be of use 
further in brachytherapy.
Follow-up research is continuing and more precisely measurements of three- 
photon positron annihilation in biological samples are required before taking any 
further steps to construct the new scanner. Are the differences in 3y yields, in tissues, 
in relation to the oxygen measurable and with what sensitivity? The answers to these 
questions depend on the precision of the measurements of three photon events in 
biological samples.
The proposed new generation scanner (Spy 05), (Fig 9.1), is a combination of 
two cutting edge technologies in medical imaging: Positron emission tomography 
(PET) and gamma ray spectroscopy. At present, semiconductor detectors particularly 
CZT (of good energy resolution with a significantly better stopping power than 
germanium and operated at room temperature) are the proposed detectors for the new 
detection system. Monte Carlo simulations must be carried out so as to predict the 
exact detectors (CZT) functional responses for three photon imaging.
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The new PET novel scanner should be capable of producing high quality 
functional images of superior contrast at significantly lower radiation doses, without 
the need for extra attenuation correction.
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Figure 9.1: New PET scanner design
In addition if the scanner is made of high-energy resolution detectors, it is possible to 
retrieve or to extract the information carried by single Compton scattered annihilation 
photons, which are dominant in affecting the quality of the image and are completely 
ignored in current PET scanners.
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Appendix A
Solid angle subtended by a cylindrical detector at a point source: 
d1 - ■yjd^+a"
Where d is the distance source-detector crystal and a is the radius of the detector crystal.
Error in the solid angle factor: <7£2/4«r 1n
1 d ‘ cr.
Solid angle subtended by a rectangular detector at a point source:
a b
Ê2 = 4*arctan- 2 2
d ( b y
\l/2
v l2 . + 1 -  i
Where a, b are the sides of the rectangle, and d is the distance source-detector crystal. 
Error in the solid angle factor:
<yn/4/r
a b 
2 2 
n
d ‘ a2y
+  ■
+ aV2y -h + d ‘
1 + UJV J
d^ +
V
+ d ‘
CF.
Disintegration rate of a source: = D ^-e ^
Where Do is the number of disintegrations at time t=0 and X is the disintegration constant. 
Total number of photons emitted per disintegration:
Fractional number of photons of energy E emitted per disintegration:
Total number of photons emitted by a source per unit time: Ny = • 7'
Total number of photons incident on a detector per unit time: I l47t
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Number of photons of energy E that are incident on a detector per unit time:
Number of photons of energy E emitted by a source per unit time: Ny = • /.f
Absolute total efficiency: 
Intrinsic total efficiency:
= ^ x lO O %Ai Y
= — ^xlOO%
CAbsolute full-energy photopeak efficiency: = —^xlOO%
Error in the absolute full-energy photopeak efficiency:
<7Eabs,p <7
Intrinsic full-energy photooeakefficiency:  ^ = —^xlOO%Ny
Error in intrinsic full-energy photopeak efficiency:
^  E m ,  p <^Eabs,p + 'abs,pifllAnJ (7
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Energy
OceV)
HPGe Detector crystal length
(44x42.4 mm) (43x47.5mm) (51x55 mm) (66.5 X 66.5mm)
Counting efficiency (counts per photon)
50 2.5*10" 2.99*10" 4.4*10" 6.24*10"
81 6.47*10'" 7.74*10’" 9.66*10" 1.33*10’^
276 1.05*10" 1.98*10" 3.21*10" 4.72*10"
302 0.91*10’'' 1.20*10" 2.74*10" 4.04*10"
356 4.7*10’'' 6.31*10" 2.16*10" 3.22*10"
383 3.45*10'' 8.83*10" 1.85*10" 2.76*10"
511 2.8*10’^ 2.95*10'' 1.11*10" 1.67*10"
661 9.5*10’" 3.29*10'' 6.67*10'' 1.01*10"
1173 6.5*10’" 1.68*10’'' 2.01*10'' 4.51*10''
1274 3.25*10’" 1.09*10'' 1.94*10'' 3.00*10’^
1332 2.22*10" 1.10*10’^ 1.90*10'' 2.95*10''
Table 4.9: Counting efficiency (counts per photon) of germanium detector of four 
different thickness and different energies. The source position at 25 cm.
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HPGe simulation at 25cm  & different crystal lengthis0.014
0.012
0.01
C: 66.5 X 66.5 mm
B: 51 X 55 mm 
GeLI: 43 x 47.5mmUic  0.006
A: 44 X 42.4 mm
0.004 
0.002 
0
600 800 
Energy (keV)
1400
Figure 4.18a: Effect of different crystals lengths on counting efficiency
(Q 8.0E+02 cZ3oO 6.0E+02
Normalized simulation, source at 25 cm  from detector
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Figure 4.18b: Effect of different crystals lengths on counting efficiency normalized spectrum.
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Appendix B
Specifications of the experimental set-up
• Amplifier 1: Model 672-Ortec ,Coarse gain: 100, Fine gain: 1.3, Shaping
time: 2psec
® Amplifier 2: Model 672-Ortec ,Coarse gain: 100, Fine gain: 1.23, Shaping 
time: 2psec
® Amplifier 3: Model 672-Ortec ,Coarse gain: 200, Fine gain: 1.035, Shaping 
time: 2jiisec
« High Voltage power supply A: Model 556-Ortec.
• High Voltage power supply B: Model 3002-Canberra.
® High Voltage power supply C: Model 3102-Canberra.
® Timing Single Channel Analysers (TSCs): Ortec-551 ,Upper level=10, lower
level=0, delay=0
® Coincidence unit: 1040-Conberra ,Range 0.1-1 psec ,Delay unit : Ortec 
425A.
Detectors Specifications
• Germanium detectors
Detector A was an n-Type High Purity Ge detector, model #GMX 20190, serial # 32-
TN 10846 A (R-2431) and bias volt -2500V (Negative). Its crystal diameter was 55mm, its
crystal length 51mm while the gap between crystal and end cap of the detector was 3mm.
Detector B was a p-Type High Purity Ge detector, model #GEM 50P4, serial # 44-TP
12070 A and bias volt +2200V (Positive). Its crystal diameter was 66.5mm, its crystal length
66.5mm while the gap between crystal and end cap of the detector was 4mm.
Detector C was a p-Type High Purity Ge detector, model #GEM 10175-p, serial #31- 
TP 20644 A and bias volt +3000V (Positive). Its crystal diameter was 42.4mm, its crystal 
length 44.1mm while the gap between crystal and end cap of the detector was 3mm.
» CZT detectors
All three detectors had a rectangular crystal of 10mm x 10mm x 7.5mm dimensions, 
while the gap between crystal and end cap of the detector was 5.5mm. Also, all three 
detectors had a bias volt of -lOOOV (Negative). Detector’s A model# was B1591, detector’s B 
model# was B1592 while detector’s C model# was B1590.
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Errors calculation
The results are analyzed and the errors are obtained. In peak-to-peak method the errors were 
calculated as:
Error^y -  
2y
R51 Ire / 5^11c “
R \ \511,
372
5^11,
+
5^11. \
R^sn
R — + Rsn 0.06x10
-2
511c
And the error in peak-valley method was calculated as:
Error Tir f i x l y  . / /x /Z M Yy,
With p = (£ 3  / £2)*(3/2) (ratio of detection efficiency), Iv the count rate of the selected valley 
region, Ap the error of the coefficient p and Ip the count rate of the two photons peak 
annihilation. K can be calculated using a reference material as described in the previous 
methods by the ratio of the count rates in the peak and valley region.
Single event rates R« in a detector:
- f jLs
Error in the single event rate:
O ’, .  =  - o - L .  + ( « 3 4 1  + ( « 3 4 1  -ff.-^s ■e-'^y-cr
Correction for full absorption of the particle;
The counts must be divided by the mean probability p of absorption of the beta particle inside 
the sample. An approximate value of p is given by the following equation:
p « 1 - je
C O S 0n
where a=pd, 0o=arctg(r/d) and r is the radius of our foils if they were circulai’ having 
the same area.
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Correction for scattering and absorption:
The corrected counts were calculated by multiplying the uncorrected ones by the factor 
exp(pt) which is a measure of the inverse probability that the three gamma rays are not 
absorbed or backscattered. p stands for the linear attenuation coefficient and t is the mean 
length of the photons in the medium in which they are studied.
Table; Mean probabilities for absorption fraction (p)
Material Energy (keV) P
Cu 341 0.0899
511 0.0745
1275 0.099
A1 341 0.0414
511 0.0359
1275 0.0245
(Marouli M. MSc Medical Physics dissertation, University of Surrey, 2004) 
Features of the 810% powder used in the experiments
S5130 Silica, fumed
pow der particle size 0.007 pm
Synonyms
Molecular
Formula
Molecular
Weight
Properties
n / D
Surface area 
Density 
Metal ions
Silicon dioxide  
Silica
Siiicic anhydride
Silicon dioxide p yrogene, highdispers 
Silicon dioxide am orphous
SI O2
6 0 .0 8
SiO-
1 .4 6  (lit.)
3 9 0  m V g ± 4 0  m V g  
2 .3  Ib /cu.ft (bu lk density ) (lit.) 
Practically free
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• Aluminium: Table. Mass attenuation coefficients for aluminium
Photon
Energy
Scattering i1
Photoelectric
Absorption
t
Total Attenuation
Coherent Incoherent
i................. I
With
Coherent
Scattering
Without
Coherent
Scattering
MeV cm^ /g cmVg cmVg cm^ /g cm7g 1
3.410E-01 1.23E-03 9.74E-02 3.93E-04 9.90E-02 9.78E-02
5.110E-01 5.49E-04 8.30E-02 1.27E-04 8.37E-02 8.31E-02
1.274E+00 8.86E-05 5.43E-02 1.63E-05 5.44E-02 5.43E-02
Copper: Table. Mass attenuation coefficients for Cu
Photon
Energy
Scattering
Photoelectric
Absorption
Total Attenuation
Coherent Incoherent With Coherent Scattering
Without
Coherent
Scattering
MeV cm^ /g cm^ /g cm^ /g cm^ /g cm^ /g
3.410E-01 4.38E-03 9.16E-02 7.28E-03 1.03E-01 9.88E-02
5.110E-01 1.98E-03 7.83E-02 2.43E-03 8.27E-02 8.07E-02
1.274E+00 3.23E-04 5.14E-02 3.19E-04 5.21E-02 5.18E-02
The mass attenuation tables are reproduced from the following websides. 
rhttp://www.co.miami-dade.fl.us/derm/air/librarv/chemical composition air.pdf 
(28/7/2004)] and[ http://hvpertextbook.eom/facts/2004/ShaveStorm.shtml 
(28/7/2004)]
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Appendix C  
Statistical analysis
/* This program is modified to presents the analysis in table 7.8 to describe how many 
of the 511 keV encountered as true three photon energies */
#include <stdio.h>
#define pr511Ge 475 /* Peak < 511 keV, HPGel */
#define pr511Ge 485 /* Peak <51 Ik e  V HPGe2 */
#define pr511Ge 485 /* Peak < 511 keV HPGe2 */
#define dE sum 10 /* Suma 1022 keV ± dE */
#define dE 5 /* resolution */
char infname[13]; 
doitQ 
{
FILE *infile;
float E[3], sum; 
long int i, Izero, lover1022, lunderl022,11022,11511,12511; 
int licz511, j; 
printf("\nData file name: "); 
scanf("%s",infname);
infile = fopen(infname,"r"); 
i=0;
lzero=0; loverl022=0; lunder1022=0; 11022=0; 11511=0; 12511=0; 
while (feof(infile)==0)
{ i++;
fscanf(infile,"%f %f %f',E,E+l,E+2); 
if(E[0]==0l|E[l]==0 II E[2]==0) lzero++; 
licz511=0; 
for(j=0;j<=2;j++)
if (E[j]>511-dE && E[j]<511+dE) licz511++; 
if (licz511==l) 11511++; 
if (licz511==2) 12511++; 
sum= E[0]+E[l]+E[2]; 
if (sum>1022+dEsum) lover1022++ ;
else
if (sum<1022-dE) lunderl022++; else 11022++;
}
printf("\n\n %ld registered events \n",i);
printf("\n %ld (% .lf \%) events include 0 \n",Izero,(float) Izero* 100/i); 
printf("\n %ld (% .lf \%) sum > 1022 \n",loverl022,(float) loverl022* 100/i); 
printf("\n %ld (% .lf \%) sum < 1022 \n",lunderl022,(float) lunder1022* 100/i); 
printf("\n %ld (% .lf \%) sum = 1022 \n",11022,(float) 11022*100/1); 
printf("\n %ld (% .lf \%) include 1 511keV \n",11511,(float) 11511*100/1); 
printf("\n %ld (% .lf \%) include 2 511keV \n",12511,(float) 12511*100/1); 
fclose(infile);
}
Main () {doit ( ); }.
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Appendix D
Effects of, energy window, resolving time, source activity, and estimated delay 
coincidence on three photons positron annihilation images.
Figure A: Image reconstructed form the Ge- 
detectors in coincidence, source point-like 
approximately 2cm (red circle) activity: 
307kBq, counting duration: 48hr and resolving 
time: 20ns.
Ge-B
Ge-AE
Ge-C
x(cm)
Figure B: Image reconstructed form the Ge- 
detectors in coincidence, source activity: 
307kBq, counting duration: 48hr and resolving 
time: 0. Ips.
Ge-AI
10 -
Ge-C
x(cm)
Figure C: Image reconstructed form the Ge- 
detectors in coincidence, source activity: 
I07kBq, counting duration: 48hr and resolving 
time: O.Ips.
Ge-B
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Figure D: Image reconstructed form the Ge- 
detectors in coincidence, source activity: 
79kBq, counting duration: 48hr and resolving 
time: 0. Ips.
Figure E: Image reconstructed form the Ge- 
detectors in delayed coincidence, source 
activity: 307kBq, counting duration: 48hr and 
resolving time: 0. Ips.
Figure F: Image reconstructed form the Ge- 
detectors in coincidence, source activity: 
307kBq, counting duration: 48hr and resolving 
time: 50ns.
Ge-AI
x(cm)
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Figure G: Image reconstructed form the Ge- 
detectors in coincidence, source activity: 
107kBq, counting duration: 48hr and resolving 
time: 50ns.
Ge-AE
10 -
Ge-C
x(cm)
Figure H; Image reconstructed form the Ge- 
detectors in coincidence, source activity: 
79kBq, counting duration: 48hr and resolving 
time: 50ns.
Figure I: Image reconstructed form the Ge- 
detectors in delayed coincidence, source 
activity: 307kBq, counting duration: 69hr and 
resolving time: 50ns.
Ge-B
Ge-AE
x(cm)
Ge-B
Ge-AI
Ge-C
x(cm)
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Figure 7.12c: Single detector’s energy spectrum of the triple coincidence events
q 600
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Energy sum in keV
Figure 7.12d: Energy sum spectra (sum of the single spectrum above) of the triple
coincidence events.
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Marouli M. Three-gamma yield measurement. MSc. Medical Physics dissertation, 
University o f Surrey, 2004.
Kaolis D. Performance of semiconductor detectors in triple coincidence imaging 
(optimisation of spatial resolution). MSc. Medical Physics dissertation. University of 
Surrey, 2006.
Tzovaras N. Characterisation of Ge & CdZnTe semiconductor detectors for 3-photon 
positron annihilation investigations. MSc. Medical Physics dissertation, University of 
Surrey, 2005.
Perkas G. Determination of 3-gamma photon yield in biological samples (analysis of 
the results from experiments at Argonne National Laboratory, USA. MSc. Medical 
Physics dissertation, University o f Surrey, 2006.
Courses attended
• Positron Emission Tomography (PET) Technology and Application: 5- 
7/4/2006, Imperial College London:
« PET/CT & SPECT/CT: Practical issues and application (IPEM meeting: 
London)
® Radiation Protection Refresher Course: Working safely with Radioisotopes, 
Radioactivity, Radiobiology, Regulations (IRR and RSA), Risk Assessment 
and Laboratory Incidents. University of SuiTey, Guildford.
Prize
Prize Certificate on research project competition held on 24^ *^  Jan. 06 Department 
of Physics University of Surrey to mark the official opening of newly refurbished 
nuclear and radiation physics research and teaching laboratories ‘TOO years 
anniversary of the Physics Department”.
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